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ABSTRACT 


A  study  of  tha  rMponM  of  structurac  to  aircraft  generated  shock  waves  (pop¬ 
ular  ly  cal lad  "sonic  boon")  is  presented.  Peek,  f ree- straws,  shock  wavs  prassuras 
producing  failura  of  various  structural  *1 assets  of  buildings  arw  givan.  Tbs  failura 
prassuras  sra  f  unctions  of  shock  wavs  and  structural  parsnstsxs.  Methods  and  tasic 
data  for  pradicting  shock  wavs  failura  pressure*  of  structural  slaaanta  ara  also  pra¬ 
am  ted.  axpex  mental  structural  failura  data  and  aircraft  generated  chock  wavs  and 
wind  (1  .Tags  infonaation  sra  asployed  in  conjunction  wiu  theoretical  considerations 
to  obtain  the  predicted  failura  pi as suras. 

Extensions  of  blast  wavs  theory  are  nado  to  account  for  the  differences  in 
shape  and  pressure  levels  between  aircraft  ganaratad  b-wavs  and  blast  waves .  The 
pressure  loads  on  structures  produced  by  aircraft  generated  shook  waves  (necessary 
for  structural  response  predictions)  ara  conputed  within  the  general  frsnsuork  of 
blast  wave  procedures. 
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SECTION  1 


nmtoooerion 


*ith  aircraft  bow  flying  at  e ups r sonic  apaada,  the  public  baa  became  cwrt  of 
tbe  problems  created  by  the  resulting  pressure  disturbances .  Tbara  baa  baaa  aa  in- 
craaaing  auabar  of  raporta  of  loud  noises  or  fe'Mms  on  tba  ground  in  tba  vicinity  o' 
flying  aircraft.  H»ta  pbancmennn  is  produced  by  a  bock  waves  emnaating  from  aircraft 
in  auparaonlc  flight.  Than#  check  waves  propagate  at  sonic  apaada  to  the  ground  and 
produce  noise  or  boon*.  Manes#  the  nave  "sonic  boon". 

bn  understanding  and  evaluation  of  three  shock  waves  and  their  effects  on 
structures  are  vital  to  the  solution  of  practical  Ur  Force  problan,  Air  operations 
**ust  frequently  be  carried  out  in  the  vicinity  of  residential  oeemenitiee.  An  evalu¬ 
ation  of  possible  shock  wave  daaiage  to  .lviliar  structures  xs  necessary  to  establish 
rules  for  flying  at  supersonic  speeds  with  nxnxnsl  conconitant  annoy p nee  end  to  check 
the  validity  of  claims  for  daaage  alleged  to  have  been  caused  by  these  shock  waves. 
Damage  to  military  installations  and  aircraft  is  also  of  concern  since  this  too  effects 
Air  Force  operations. 

A  recent  study**  baa  bean  wads  of  the  relation  between  aircraft  parens t ex a 
and  tba  aircraft  generated  shock  waves.  Tba  pres  sure  of  a  shock  weva  that  salats 
naar  ground  level  just  prior  to  contact  with  a  structure  is  tensed  tbe  fram-stream 
pressure .  The  purpose  of  this  study  is  to  investigate  tba  relation  between  tbe  frne- 
strene  pressure  vsve  psraantere  and  tbe  reepoeoe  of  structures  to  tlus  pressures . 

The  pr leery  objective  ia  to  provide  bounding  values  for  tb*  free- etr sen  pressures 
which  produce  dansge  to  structures  and  structural  alanenta. 

The  investigation  ia  broken  down  into  four  phases  as  followsi  (1)  tbe  deter¬ 
mination  of  tbe  transient  loads  on  structures,  (2)  a»e  evaluation  of  structural  para¬ 
meters,  ( si-  tbe  coarctation  of  structural  response,  and  (4)  tbe  prediction  of  failure 
pressures  and  thair  correlation  with  anper mental  data. 

The  transient  loads  are  obtained  in  tanas  of  building  end  shock  mvs  param¬ 
eters  by  tha  transformation  of  the  free- a  tree*  pressures  to  preeaura  distributions  on 
structures.  This  ia  accomplished  by  annoying  bleat  wave  concepts  of  reflections  and 
preeaura  rise  end  attenuation,  ilaat  wnva  methods  are  used  since  e  literature  survey 
and  contacts  with  personnel  working  in  the  field  indicate  that  no  experimental  data 
or  practical  computational  procedures  are  available  concerning  pressure  distributions 
on  structures  subjected  to  aircraft  generated  shock  waves,  katana ions  of  blast  wnva 
theory  are  made  to  account  for  the  difference  in  she;*  and  pressure  amplitude  of  tbe 
shock  wave  Caspars*  to  a  blast  wavs.  Consideration  ia  also  given  to  tha  leading  pro¬ 
duced  by  nonnornel  incidence  of  a  shock  wave  to  a  a  true  tux#  when  tba  trace  oe  tba 
ground  of  the  inclined  front  la  parallel  to  tha  front  face  of  tbe  building.  This 
loading  condition  la  not  specifically  treated  in  bleat  wave  procedures. 

The  structural  parameters  studied  are  else,  naterlals,  type  of  construction, 
material  properties  and  natural  frequencies.  Experimental  data  in  employed,  tlieri 
available,  aa  basic  information  for  strength  and  frequency  evaluation. 

Tha  dynamic  response  of  structural  elements  to  tha  transient  loadings  ia  com¬ 
puted  im  terms  of  Jynamic  amplification  factors.  The  ampllf icatlcn  fectore  are  ob¬ 
tained  by  analytic  methods  for  ample  loadings.  An  analog  computer  or  graphical  pro¬ 
cedure  [utilising  phase  plane  theory)  is  anplcyad  for  tha  mors  complex  loadings. 


"Sumer  jtial  superscripts  correspond  to  liko  numbered  references  in  Appendix  1. 
Manuscript  submitted  In  January  195b  for  publication  as  a  WAOC  Technical  Report. 
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Damping  effects  are  ignored  in  all  dynamic  rMponM  calculations. 

Shock  mv«  tree-stream  failure  pressures  r, .  obtain*!  by  Modifying  tha  equiv¬ 
alent  static  failure  praaauraa  (based  on  static  load  ultimata  at  rang  tha)  for  the  ef- 
facts  of  reflection  of  the  shock  wave  by  the  structure,  dynamic  pacification,  and 
increase  in  material  strength  produced  by  rr-*id  rate  of  loading.  Use  is  made  of  ex¬ 
perimental  date,  where  available,  in  the  evaluation  of  the  failure  pressures,  wind 
load  and  shock  wave  damage  reports  ara  also  correlated. 

The  f ree-straaa  pressures  producing  failure  ire  given  for  specific  values  o* 
structural  and  shock  wave  parameter  a.  Methods  and  basic  data  nr  a  presented  for  use 
in  the  prediction  of  failure  pressures  for  other  combinations  of  shock  wava  and 
structural  variables. 

The  shock  wava  pressure  levels  generated  by  low-flying  aircraft  are  low  at 
ground  lever.  Structural  theory  confirm  experimental  evidence  that  plaster  walla 
ere  the  cost  critically  leaded  component*  of  residential  structure*,  while  glass  and 
window  frames  are  critical  in  all  types  of  structures.  Therefore,  these  structural 

a  laments  ara  emphasised  in  this  report. 
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SECTION  2 


SHOCK  WAVE  LOADS  OH  STRUCTURES 


i REE -STREAM  PRESSURE 

*.  Of  naif* 

The  amplitudes  of  the  shocX  waves  generated  by  aircraft  flying  at  supersonic 
apaatdw  decay  with  distance  tram  tka  aircraft  and  tha  spread  of  the  waves  increases 
with  distance  from  tha  source.  The  tiara  variation  of  tha  chock  wave  as  it  appears  to 
an  observer  on  tha  ground  is  an  H-shaped  wave,  figure  1.  Theoretical  treatments  of 
this  phenosMsnon  and  sasw  experimental  results*-*2  era  found  in  tha  literature.  The 
agreaawnt  between  theory  end  experiment  is  good. 


Time 


Figure  1.  N- Shaped  Pressure  Wave 


in  this  report  the  void  "pressure"  denotes  overpressure  (positive  or  neg*- 
tive)  ,  i  s.,  the  difference  between  the  actual  free-s trees  pressure  and  undistvirbed 
mabient  pra*  lure. 

2 .  I  TfHPtm**™*.  w^nds  apd  TfSjaiB 

Temperature  gradients  in  the  atmosphere,  winds,  and  reflections  fress  terrain 
si f feet  the  propagation  of  the  pressure  of  the  shock  wave.  The  speed  of  propagation 
of  this  pressure  disturbance  is  a  furction  of  teaiperaturs.  The  increase  of  tampere- 
turs  with  decrease  in  altitude  will  cause  a  higher  velocity  in  the  lower  portions  of 
thi  wave  front  which  bends  the  shock  front.  Variations  of  wind  velocity  can  also 
produce  a  curving  of  tha  shock  front.  For  certain  combination*  of  tasperature  grad¬ 
ients  and  winds,  it  is  possible  to  either  amplify  the  preasuree  in  e  local  area  on 
fcht  ground  by  the  ‘'focusing"  affects  of  the  curved  shock  fronts  or  to  deflect  the 

•  hock  waves  so  that  they  never  reach  the  ground.  A  focusing  affect  oi  'cusp’  is  also 
produced  by  accelerated  flight***.6. 

Terrain  effects  (ref lections,  shielding)  can  either  amplify  or  attenuate  the 

•  hock  wave  pressure29.  large  hills,  for  example,  tend  to  increase  shock,  wave  effects 
*,n  sows  erase  end  decrease  them  in  others.  The  increase  or  decrease  depandtt  upon  the 
erhange  in  slope  f roe.  the  honsontsl.  steep  slopes  produce  an  increase  in  pressures. 
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8cm  rsductl-  in  prsssurs  occurs  on  the  t averse  slops  of  ths  hill. 

A  detailed  consideration  of  ths  offsets  of  teagparaturo  gradients,  winds,  and 
terrain  upon  fr*e~atr#v«  prsssurs  asplitudaa  is  not  practical  sines  thsy  ars  rand os 
occurrsncss.  Thsss  factors  would  havo  to  b«  examined  in  sach  particular  situatlor 
However,  in  ordsr  to  evaluate  thsss  offsets  for  ths  purposss  of  this  rsport,  it  wi  1 
bs  assumed  that  a  practical  maxiaus  tmpllf icatlon  factor  for  aircraft  generated  shock 
wavs  prsssuxss  is  o,  ths  ordsr  of  2.  This  valus  is  equivalent  to  that  for  a  rsflee- 
tion  of  a  sonic  wavs  normal  to  a  flat  surfacs.  It  is  possihls,  howsvsr,  with  ths 
propsr  combination  of  ref  .action  and  cusps  to  obtain  aaplif ication  factors  which  ara 
such  higher.  For  instanca,  a  factor  of  4  can  bs  obtainsd  for  rsflsction  in  a  convsx 
corn«r*0 , 

3  •  attwaartUY  P«*x  gminat  4d<*  »ty« 

Shock  wsvs  fras-strsss  paak  prsssurs  asplituda#  nsar  ground  lavs  1  (if.  ths  ab~ 
ssnes  of  asplificatlcn  factors)  ars  quits  small  sscspt  for  casas  of  (1)  low  altituda 
fligV,  (2)  high  Mach  nusbsr  flight,  and  (3)  accslsratsd  flight.  Soma  rsprsssntatlvs 
values*  uf  psak  frss-strsan  prsssurs  asplitudss  ars  given  in  Tabls  I  bslow. 

TA8L*  I 

rkpusseptative  values  op  psak  pwes-stman  shock  have  nutssimi  amplitudes 


* light  Condition 

Distance  normal 
to  Aircraft 
Plight  Path  (Pt.) 

(psi) 

>  ady  Laval  Plight 

1,000 

0.073 

M  ;h  NUBbsr,  N  -  1.01 

5,000 

0.022 

10,000 

0.016 

14,000 

0.010 

Steady  Laval  Plight 

1,000 

0,162 

Mach  Pusher,  N  •  3.5 

5,000 

0.048 

10,000 

0.028 

14,000 

0.022 

Plight  Condition 

Peak  Pressure  Amplitude 

At  Ground 
<*•*> 

Accslsratsd  flight 

0.03  to  0.05 

through  Mach  1  at 

5,000  fast  altitude 

Most  building  codas  require  structurss  to  bs  designed  to  rssist  wind  loads  of 
30  lb. /ft. 2  -  0.208  psi.  Assuming]  (s)  sn  amplification  factor  of  2  for  affacts  of 
terrain,  winds,  tsspsraturs,  ate.,  (b)  a  factor  of  2  for  rsflsction  of  ths  pressure 
wavs  by  a  building,  (c)  a  factor  of  2  for  dynasic  load  affacts,  and  (d)  that  thssa 
affacts  ars  cumulative,  a  total  amplification  factor  of  2  x  2  x  )  *  1  h  achieved. 
This  glvss  a  lowsr  bound  of  psak  fres-streas  prsssurs  anplUudss,  which  is  of  in  tar - 
sst  frus  a  structural  failure  point  of  vi sw,  aqual  to  0.208/8  or  0.026  pel. 
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Inspection  of  Table  I  reveals  that  steady  laval  flight  at  altitudes  at  or  be- 
low  5,000  and  10,000  faat  raapactivaly  for  tha  M  -  1.01  and  M  -  i.5  condition*  and 
tha  accalaratad  flight  through  Mach  1  at  5,000  faat  ara  In  tha  rang*  where  structural 
damage  can  b#  expected. 


2  9 

Supersonic  flow  thaory  '  glv«a  tha  following  axprasslon  for  tha  pressure 
Jump  acroaa  tha  bow  shock  wave 


p  ~  0.53  p  (*“-  1} 

o 


1/8 


»y/i) 


3/4 


(i) 


Also,  tha  dlstanc*  batwaan  tha  bow  and  tail  shock  wavas  Is  given  as* 


C  i  1.82  1  M 


i am  imi 


1/4 


<M2- 


1) 


3/8 


(2) 


vh*ra,  d 

D  - 
1  - 
N  • 

po  " 
P  ■ 

y  - 


saxlnua  body  diameter 
distune*  batwaan  wavas 
body  langth 
flight  Mach  n unbar 
fra'j-straan  static  praasura 
prtejsura  jump  acroaa  wavs 
distance  from  flight  path 


Fran  aquations  (1)  and  (2)  it  can  bn  datanalnao  that  tha  quantity  p  c3/l3  is 
•  constant  for  fixed  valuas  of  frae-strean  Mach  maker,  static  praaaura  and  body  di¬ 
ameter  to  langth  ratio.  Flight  tast  dat a*»ie  and  aiqpariaants  with  bull  at*  and  aemj.1 
smalls13  confirm  this  relationship. 

Tha  praasura  peaks,  p  •  4  ,  of  tha  *>sbaped  wave,  figure  1,  ara  produced  by 
tha  bow  and  tail  shock  waves  of  tha  aircraft  and  tha  distance  batwaan  than,  D,  is  tha 
product  of  flight  a  peed,  m,  and  tha  duration  of  tha  wave  rj  . 

Data*  correlated  with  body  length  1  »  45  faat  and  Mach  n unbar  «  1.04  gave, 

p  D3  ^  107 

for  p  in  units  of  lb. /ft. 2  and  D  In  faat. 

Taking  p  »  p  -  30/8  lb. /ft. 2  (low  bound  of  structural  rl snags)  one  has, 

3  r~T 

r>  -  \J  -  138  foot  aa  tha  apace  spread  of  th*  N-wave  at  this  praasura  laval. 

for  sonic  spaad  a  •  1100  faat/sacond,  tha  naxlnun  duration  of  tha  sonic  boon  M-wava 
f  ran  tha  point  of  view  of  structural  failure  la  a* tin* tad  from* 


V  -  D/Ma  (3) 


Tbsmfora,  -  YlOO^x^l . 04  a  B#c*  *or  *lrcr%lft  4nd  **cb  nuad>er. 

At  higher  praasura* ,  tha  duration  is  reduced.  An  eightfold  praasura  increase 
w Jill  r'iduca  th#  duration  by  onc-half .  Th*  duration  is  dlractly  proportional  to  th* 
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length  of  ths  ftMrtting  aircraft  for  fixet  dUxxtar  to  length  ratio,  re*  a  givsn 
aircraft,  the  duration  is  a  week  ft, notion  oi  Hath  number*! 


H _ 

V  »  31 /g 

(H3-l> 3/8 


\t  N  -  2.0,  tha  duration  computed  abova  would  be  approximately  0.06  sac. ,  tha  minimum 
at  that  prassurs  laval.  for  M  »  3,  tha  duration  changes  to  about  0.08  sac.  for  an 
aircraft  such  as  tha  8-62,  which  has  a  length  of  approximately  152  feat,  the  duration 
for  M  •  1.04  would  be  approximately  ( 152/45) ( 1/8)  -  0.40  sac.  fuanarislng,  for  pres¬ 
sures  ranging  from  30/8  to  30  lbs. /ft.  ,  for  airplanes  ranging  in  length  from  45  to 
150  feet,  and  for  Nach  numbers  between  1.04  and  2.0,  tha  duration  of  the  M-wave  var¬ 
ies  between  0.03  and  0.40  seconds. 

TRAMfOMIftTIOM  Of  fUf-ITUAN  PftXSSURK  TO  PRXS8URK  ON  STkUCTVJWS 

i.  QffUi'.tA 

The  pressure  distribution  on  a  atructure  aub j acted  to  a  pressure  wave  la  a 
function  of  the  struct  ore's  shape  end  slas  and  the  free-etreen  pressure  of  the  wave. 
Tlae  pressure  on  the  atructure  differs  fro*  free -strata  values  due  to  the  diffraction 
and  reflection  of  tie  f res -s tree*  pressure  wave  sa  it  pasaea  over  the  body. 

<*o  experimental  reasur aments  o ?  the  pressure  distributions  on  structures  sub¬ 
jected  to  sonic  boom  pressure  wsvea  are  available.  Test  information13- » 18  concern¬ 
ing  pressure  leads  on  structures  subjected  to  blest  waves  is  available.  Shock  tube 
meaaureeenta3*”33  on  seals  amdals  of  structurss  ha  vs  alsc>  bean  made. 

Tha  blast  wave  data  ( Including  weak  conventional  aaplocion  information)  war  a 
obtained  mainly  ?>  c  overpressures  greatly  in  excess  of  shock  wave  induced  pressure 
and  the  pressure  vrve  form,  figure  2,  differs  fraa  the  *- shaped  wave  of  figure  1. 

Whan  the  pressures  from  weak  conventional  explosion  teste  were  of  the  order  of  shock 
wave  pressure  levels  *nd  the  wave  fora  was  similar  to  tha  N-wevs,  only  free-straaa 
pressures  were  measured  or  the  pressure  at  oae  point  in  the  building  wee  recorded, 
shock  tube  data  were  also  Measured  at  higfe  pressure  levels  end  the  pressure  wave 
shapes  were  different  from  those  caused  by  shock  waves. 

Procedures33"30  for  predicting  u  pressure  distributions  on  buildings  sub¬ 
jected  to  blest  waves  have  been  developed.  Theee  methods  are  baaed  on  a  plane  shock 
wave  striking  a  rigid  ttructura  and  on  tha  hinkine  Heglnolt33* 33  relations  for  normal 
shock  waves.  In  addition,  certain  smpirical  characteristic  times  (function  of  tha 
dimensions  of  the  building  and  the  sonic  speed  of  the  pressure  wave)  ars  employed  to 
depict  the  pressure  rise  end  decoy  on  the  structure.  The  blast  wave  procedure  is 
supported  by  numerous  tests3 3-18» 22,28  on  structures  subjected  to  atomic  end  conven¬ 
tional  explosion  shock  waves  am*  by  shock  tube  studies3*”33  employing  models  oi 
buildings. 

h  recent  paper**  has  treated  the  diffraction  of  a  plans  step-function  pres¬ 
sure  *  jtur bancs  by  a  t  >-dinsnslonal  rectangular  barrier .  The  method  la  illus¬ 
trated  by  determining  the  transient  pressure  distribution  on  a  barrier  whoee  height, 
is  equal  to  one  half  ita  length.  Tha  undisturbed  pressure  wave  consists  of  s  step 
function  rise  in  pressure  and  the  shock  wave  nova  a  parallel  to  the  height  ol  the  bar¬ 
rier.  There  is  s  sudden  rise  in  pressure  to  twice  the  pressure  disturbance  amplitude 
When  the  disturbance  hits  the  barrier.  The  pressure  drops  to  tha  amplitude  of  the 
•tap  functior  :n  a  "decay"  tie*  of  3  faca  height*  divided  by  the  sonic  velocity. 

(Sea  Figure  2,  pert  b.)  Theee  results  are  in  exact  agreement,  with  bleat  wave 
theory3*. 


The  shock  wave  pressure  loads  presented  in  this  section  ars  based  on  the  eie- 
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PRESSURE 


a  )  BLAST  PRESSURE  WAVE 


0  !  2  3  4  Ut  /  L 


b  )  AVERAGE  PRESSURE  DISTRIBUTION  ON  FRONT  FACE  OF  BARRIER 

(  DERIVED  FROM  FlG  3, REF  59) 


FIG  2  BLAST  PRESSURE  WAVE  ft  PRESSURE  DISTRIBUTION 

ON  A  BARRIER  SUBJECTED  TO  A  SONIC  PRESSURE  PULSE 


WADC  TR  58-169 


7 


pi  if  led  blast  theory  concept?  of  characteristic  pressure  decay,  1  iee  tiau  and  re¬ 
flections  from  rigid  sells.  Blast  save  theory  has  been  eodlflsd  to  account  for  the 
difference  in  shock  weve  shape  (two  step  discontinuities  of  the  N-weve)  and  the  loser 
pressure  levels.  The  superposition  principle,  valid  for  sonic  disturbance",  is  also 
eeployed.  The  bulk  of  the  blast  save  basic  load  data  is  taken  froe  the  latest  ccsa- 
pilations2** 30  of  load  information, 

Extension  of  Ting's**  analysis  to  the  problem  of  an  N-wava  contacting  a  two- 
diaeniional  barrier  of  erbltrary  diiaenalonv  sea  not  attemptad  since  thle  inf  onset  ion 
has  only  recently  became  available.  Although  an  analytic  solution  to  a  simplified 
problem  ie  desirable  aa  s  guide  in  understanding  a  physical  phenomenon,  the  eiaqpli- 
f led- theory  and  experimental  approach  used  tor  blast  savss  appears  oore  suitable  for 
the  determination  of  shock  ssvs  loads  In  visv  of  ( 1)  ths  ccmplaxitiem  introduced  by 
the  amny  posaibla  variations  of  ths  structure  (including  thre-i-rilmenalonal  ef facto), 
and  (2)  the  complexities  brought  about  lry  considsration  of  ncnnonul  incidence,  whose 
solution  by  Ting's  method  nay  not  convsrgs  as  rapidly  as  for  normal  incldsncs. 

Test  results  for  structures  subjected  to  shock  wavs  loads  are  urgently  needed 
to  check  the  following  assumptions: 

1}  The  characteristic  preasure  rise  and  decay  times  are  identical  to 
those  known  to  exist  for  blaet  waves  and  shock  tube  experiments. 

2)  The  step  changes  in  pressure  at  the  beginning  and  at  the  end  of 
the  N-weve  can  be  treated  identically. 

3)  The  time -constant  for  decay  to  f  ree-atream  pressure  is  the  same  for 
normal  'nd  nonnormal  incidence  to  a  vertical  plans,  when  the  trace 
of  the  shock  front  on  the  ground  is  parallel  to  ths  vertical  plana. 

The  pressures  considered  hers  are  average  pressures  over  a  complete  surface. 
For  whole  buildings  or  large  structural  elements  of  buildings  such  as  walls  and 
roof a,  che  average  1-md  (average  pressure  times  the  areal  is  significant  compared  to 
local  loads  in  producing  failure.  In  same  cases,  local  loads  (local  pressure  times  a 
■sail  area)  can  be  significant,  hn  ex  sap  la  of  this  la  given  by  windows.  Average 
local  pressure  acting  on  ths  window  area  should  bo  taken  into  account  where  possible 
in  predicting  failure  pressures  for  these  elements. 


2-  Clamed  Buildings  -  home!  Incidence 

A  qualitative  picture  of  the  diffraction  of  a  pressure  wave  moving  over  a 
closed  structure  is  given  below.  The  concepts  follow  conventional  simplified  blast 
theory. 


Figure  3.  Closed  Block  -  Normal  Incidence  of  Pressure  Nave 
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Consider  the  structure  in  ri9urs  3.  When  the  pressure  wave  strikes  the  front 
face  at  normal  incidence,  the  pressure  rises  instantaneously  to  the  reflected  pres- 

7p  +  4p 

sure39,  p  -  2p_  (r— 2 - *)  .  for  shock  wave  pressure  levels,  the  free  stress  over- 

r  *  7po  *  ps 

pressure  la  such  Mailer  than  the  asbient  pressure  pq  and  p^  — 2p#  (the 

sonic  theory  result) , 

The  reflected  pressure  on  the  front  face  decays  m  a  tie*  t  to  the  stagna¬ 
tion  pressure  because  of  the  rarefaction  waves  travelling  froa  the  cornets  of  the 
front  face  to  the  center,  rhe  stagnation  pressure  p*  is  given  by,  p*  »  p  ♦  p  -  p 

V  L/  S 

♦  c  a  (sue  of  the  frae-atraaa  pressure  and  drag  pressure)  .  The  dreg  coefficient  c 

2 

29  5  Pe 

for  the  front  fees  is  the  order  of  unity  end  the  dynasic  pressure  q  -  ■*  t^'p'  +  ~  • 

o  ps 

for  sonic  waves,  (p#/PQ)  •'<  1  and  the  drsg  pressure  My  be  neglected  since  it  is  much 

siaellsr  titan  the  free-sti»«a  pressure  p#.  The  stagnation  pressure  p*  is  then  the 

frme-stream  pressure  p#. 


The  decay  ties  T  is  approxiaately  that  required  for  a  rarefaction  wave  to 
travel  from  the  edges  of  the  front  face  to  the  center  of  this  face  and  back  to  the 
edges,  txperiaents^  l>»dicate  that  r  can  be  represented  approximately  by, 

T  -  3S/U.  The  quantity  S  is  a  character  let  lc  building  dimension  (height  H  or 


half  width  B/2 ,  whicneva.  ia  smaller)  and  u 


shock  velocity 


a  (1  ♦ 


*P« 

7P 


1/2 


for 


sonic  waves,  pa/fQ  <<  1  a.»d  U  is  given  by  the  sonic  speed  e. 


The  pressures  on  the  sides  and  top  faces  build  up  to  the  free-sti.  -a  pressure 
p#  (drag  pressure  neglected)  when  the  wave  front  reaches  particular  points  on  these 

face*. 


Tne  preset  re  wave  reaches  the  beck  face  after  e  time  delay  L./U  end  dif¬ 
fracts  around  the  edges,  traveling  down  the  back  surface.  The  pressure  on  the  beck 
face  then  changes  from  xero  to  free-streea  values  after  e  build  up  time  interval  t.  , 
The  quantity  t^  te  given  approximately  by  -  4S/U. 


Blest  vmve  procedure  for  prediction  of  the  pressure  distribution  on  a  atruc~ 
tur*  is  based  on  e  free-atream  pressure  wave  with  one  step  discontinuity.  Shock  wave 
free-stream  M-wavea  have  two  step  discontinuities  in  pressure.  In  order  to  apply 
blast  wave  theory  to  estimate  the  pressure  dirtribution  on  a  atructure  subjected  to  e 
free-stream  N-weve,  the  N-wave  is  decomposed  into  two  components  (each  having  only 
or  r  step  discontinuity)  In  addition,  each  free-stream  component  is  multiplied  by  a 
function  $  The  &  function  represents  the  decay  or  rise  of  pressure  with  time 

on  particular  faces  of  ihe  building.  In  this  Mnner,  the  effect  of  the  second  N-wave 
step  discontinuity  (negative  pressure  peek)  My  be  taken  into  account  within  the 
framework  of  blast  wave  theory. 

•  •  »  vf i-tat  .  fr  <gi.t.  fiist  Jfriaiyjj 

The  free-stream  pressure  of  figure  1  is  decomposed  into  two  components  as  in¬ 
dicated  in  figure  4(a).  Bach  step  discontinuity  in  the  free*« tream  N-wave  will  pro¬ 
duce  a  reflected  pressure  of  twice  the  free-stream  presaure  upon  striking  the  front 
face  end  decay  in  e  time  T  -  3S/U  to  free-stream  pressure.  The  b  functions 
which  represent  this  decay  for  the  two  step  discontinuities  ere  indicated  in  Pxgures 
4(b)  end  4(c)  for  1  <  g  for  simplicity,  e  linear  decay  has  been  assumed. 
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AVERAGE  OUTSIDE  FREE- STREAM 

PROMT  FACE  PRESSURE  -  Pf0  8  FUNCTION  8  FUNCTION  PRESSURE  -  p* 


1  ~t-  '  r 


FIGURE  4  AVERAGE  OUTSiUE  FRONT  FACE  PRESSURE,  Pf0 
FQR  DECAY  TIME  t  <  H  -WAVE  DURATION,  17 
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The  ivtng*  outside  front  face  pressure  pf<j  is  gl.ven  on  Figure  4(d)  .  It  was 
obtained  byt 

(1)  Multiplying  the  free 'Stress  pressure  casponent  for  the  first  step  dis¬ 
continuity,  solid  line  of  Figure  4(a),  by  its  &  function,  ’’igurs 
4(b) . 

(2)  Multiplying  the  free-streee  pressure  component  for  tbs  second  step  dis¬ 
continuity,  dashed  line  of  Figure  4(a),  by  its  8  function.  Figure 
4(c) . 

(J)  Superposing  itaws  1  end  2  (superposition  is  valid  for  sonic  eaves)  . 

Figure  4(d)  actually  should  be  curved  in  soma  regions  since  the  eultipllce- 
t ion  of  the  free-streee  linear  pressure  distribution  by  the  sloped  portions  of  the 
8  function  produces  a  curva.  Only  critical  points  on  Figure  4(d)  wars  located, 
end  for  simplicity  «  linear  variation  between  those  points  assumed. 

The  average  outside  front  face  pressure  pf  ,  sheen  on  rigure  5(d),  is  deter¬ 
mined  in  a  similar  manner  tor  the  esse  of  decay  ties  r  >  wavs  duration  rj 

Tabla  II  gives  characteristic  building  dimensions  •  corresponding  to  values 
of  decay  times  r  for  the  front  fece.  The  B-eave  velocity  U  has  been  taken  as 
110O  f set/second . 


TABU  II 

CMARACroi  1ST  ZC  BIT  I  ID  I  MG  D XHKMS  ION  S  FOP  VALUES  OF  DECAY  TINS  T 


t  (sec.) 

UT 

•  .  — - —  (ft.) 

remarks 

0.05 

1^.4 

residential  else  structure 

0.10 

37 

Moderately  large  structure 

0.20 

74 

Large  structure 

S  •  Building  height  or  half  width,  whichever  la  smaller 

N-wova  durations,  v  ,  of  impot tance  from  a  structural  failure  p  .nt  of  view 
art  primarily  in  the  range  of  0.03  to  0.40  seconds  (ass  pegs  6  )  .  The  critical 
building  type  is  the  residential  dwelling  (ess  taction  3).  Bines  the  r  for  resi¬ 
dential  structures  is  given  as  0.05  seconds  in  Table  XX  and  rj  of  interest  Is 

0.03  seconds,  T  >  ^  la  not  a  situation  of  frequent  interest. 

iaaxMsa.  a&tAflf  Tap,  taft  I id*  JClsumm 

The  pressures  on  the  top  and  aides  ara  frea-s tress  pressures  .  To  obtain 

the  load  on  the  top  and  aides  as  a  function  of  tUat,  we  trace  the  variation  in  pres¬ 
sure  on  a  fees  element  of  the  structure  and  sum  up  over  the  loaded  face  area.  Figure 
6  shows  the  pressure  variations  on  the  structure  of  length  L.  Time  coordinate  t 
hai  been  converted  to  a  distance  coordinate  X  -  ut.  The  pressure  wavs  is  cons id - 
•rad  stationary  and  the  structure  moving  with  a  velocity  U.  Figure  6(a)  applies 
«rhen  *  <  L/V  and  Figure  6(b)  la  valid  for  t  <  7  . 

The  load  la  equal  to  the  aheded  area  under  the  preaaure-d  late  nee  curve  tinea 
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AVERAGE  OUTSIDE  FREE  STREAM 

FRONT  FACE  PRESSURE  -  pfo  OECAY  FACTOR  -  8  DECAY  FACTOR  -  8  PRESSURE  -  p. 


/ 


p*  *  MAXIMUM  FREE -STREAM  PRESSURE 
^  *  OURAT.ON  OF  FREE  -  STREAM  PRESSURE  NAVE 

L  •  BUILDING  LENGTH 

U  »  VELOCITY  OF  FREE-STREAM  PRESSURE  WAVE 

I  »  TIME 


FIGURE  6  TOP  AND  SIDE  PRESSURE  VARIATION  - 

CLOSED  BUILDING 
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cl r 


the  top  faca  width  B  or  side  face  height  H.  For  Plgure  6(aj  the  ir«a  under  the 
curve  ie 


X 

2 


P,  «  (1 


Since  X  -  ut  and  the  average  pressure  equals  the  total  load  divided  by  the  face 
area  BL  or  HL,  we  find  the  average  out aide  top  and  aide  preesure  as. 


pt</p. 


0  <  t  5  ~ 
V 


(♦) 


with,  t.  -  L/U. 

U 

Similarly  for  Plgura  l(b)» 


‘>to/p. 


t  <  ff 


(5) 


L 

Por  *  <  t  $  rj  *  -  ,  the  average  outside  top  and  aide  pressure  la  the 

negative  of  equation  (4)  from  antl-ayenetry  considerations.  At  values  of  tine, 

v  L 

t  >  tj  +  -  ,  the  preesure  la  aero. 


Lengths  of  roof  been  a  and  rafters  vary  generally  between  IS  and  2S  feet. 
Taking  a  range  of  wave  duration  between  0.05  and  0.10  seconds,  the  paraneter 

tb/V  -  L/U  7  varies  between  about  0.20  to  0.S0  with  wave  velocity  u  taken  as 
1100  faet/aecond  (sonic  spend) . 


Plgure  7  shows  the  average  outside  top  and  side  pressure  variation.  Por  con- 
par  icon,  a  sine  curve  with  the  sane  peak  aag>litwda  and  a  period  of  t^  +  i)  la  also 

Indicated,  it  is  seen  that  the  sine  curve  rape  as  ante  the  preesure  distribution 
reasonably  well  for  tbe  range  of  t^/  r)  tram  0.20  to  0.50. 


c.  Amiga  sauaifa  Hrt  gist  amnia 

The  beck  face  is  not  loaded  until  the  preesure  wave  arrives  at  the  tine, 
t  •  L/u.  Tine,  t,  ie  soeeured  (ran  the  instant  the  wave  strikes  the  front  face.  The 
pressure  then  builds  up  linearly  with  tine  to  tine- delayed  free-atreaa  pressure  at 
the  back  faee,  pfl  (t  -  L/U)  at  tine,  t  -  l/u  +  4S/U. 

Plgure  8(a)  eeows  the  tine-delayed  frea*strean  preesure  pa  (t  -  L/u)  broken 

up  into  its  two  conponents.  The  B  functions  for  each  conponent  are  indicated  in 
figures  8(b)  end  «(c) .  The  average  outside  beck  face  pressure,  p^,  given  in  Plgure 

8(d),  in  obtained  by  nultiplying  the  tine-delayed  free-streen  preesure  conponents  by 
their  respective  B  functions  and  super  posing.  The  curved  regions  of  p^  have 

again  been  replaced  by  straight  lines  for  sinpliclty  as  in  the  cere  of  the  front  face 
(see  page  11) . 

The  pressure  shown  in  Figure  8  is  based  on  ^  Th*i  preesure  distribu¬ 

tion  for  ^  >  v  is  obtained  in  a  a  ini  Ur  Banner. 
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TIME ,  t 


K/l  ■  -20 


U  *  VELOCITY  OF  FREE-STREAM  PRESSURE 


FIGURE  7  COMPARISON  OF  OUTSIDE  TOP  AND  SIDE  AVERAGE 
PRESSURE  WITH  SINUSOIDAL  PRESSURE  VARIATION  - 
CLOSED  BUILDING 
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FIGURE  8  AVERAGE  OUTSIDE  BACK  FACE  PRESSURE  p. 

-  CLOSED  BUILDING 
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<1 .  WfL*  Ay*r«flf  Eemsmmi 


Tha  net  average  trana lational  praasura,  p ,  is  da fined  aa  tba  vactor  sum  of 

the  front  and  back  faca  average  preosurea.  The  net  average  trana lat ion  preaaure 
tinea  the  face  area  yielda  the  average  translational  force  tending  to  ehear  the 
building. 


Figure  9  above  a  typical  net  average  tranalatlonal  preeaure  dietribution  'or 
a  cloeed  building.  The  data  mployed  veret 

Building  length,  L  -  40  Ft. 

Building  height,  N  -  34  Ft. 

Building  width,  B  -  28  Ft. 

Wave  duration,  if  *0.10  aecooda 

Free-atreaa  preaaure  peak  aaplitude,  pa  >  1  unit 

The  building  else  la  repreaentative  of  reaidentlal  etructurea.  Tl*e  average 
front  and  back  face  preeaure*,  p<o  and  p^Q,  ahovn  on  Figure  9(a)  were  computed  util¬ 
ising  the  procedures  diecueeed  in  the  preceding  aectlona.  The  net  average  transla¬ 
tional  preaaure,  p  ,  given  in  Figure  9(c)  reeulta  from  the  euperpoeltion  of  p.  and 

*  L  4  41  ro 

p^.  The  total  duration  of  pfc  la  if  ♦  — Jj*  * 

cigaaq  sximuuL  zJ&aBnatmk  lasJMost 

When  a  preeaure  wave  con ta eta  a  cloeed  building  at  nonnoraal  angle  of  inci¬ 
dence,  the  preaaure  dietribution  on  the  atructure  la  altered  free  that  produced  by 
nonul  incidence  of  the  preeaure  wave. 

Figure  10(e)  illuatretee  nonnoma  1  incidence  in  e  plane  parallel  to  the  nori- 
sontal  plane  of  the  ground  end  Figure  10(b)  above  nonnorml  incidence  in  e  plane  per¬ 
pendicular  to  the  horisontal  plane  of  ground.  The  angles  of  incidence  9  and  $ 
vary  between  0  end  */2, 

Experimental  data  and  load  calculation  procedurea21' 30  for  vertical  front 
bleat  vevee  are  available  for  nonnorml  Incidence  for  facea  1  through  4,  Figure 
10(a),  but  no  data  is  available  for  roof  loede.  The  case  of  nonnorml  incidence  in 
aide  view,  Figure  10(b),  is  not  considers*  in  Meet  wave  theory  and  no  in  form  t  ion  la 
available. 

MoRnomal  Incidence  of  the  wave  front  trace  in  plan  view  is  not  aa  critical 
aa  noxml  incidence  except  for  f  ree  2,  Flyura  10(e),  wtioee  average  preeaure  is  in¬ 
creased  beceuae  of  reflection  effect*.  However,  in  met  ceeee,  it  ie  conservative  to 
check  a  structure  for  notml  incidence  in  two  directions,  or  to  aaeum  nonul  inci¬ 
dence  in  e  direction  which  produce#  the  highest  translational  load  (pressure  wave 
notml  to  largest  area  face) .  loadings  for  nonnorml  incidence  in  a  horisontal  plana 
are  discussed  here  for  sake  of  coapleteneee  ind  for  application  to  vertical  plane 
nonnorml  incidence. 

Nonnorml  incidence  in  aide  view.  Figure  10(b),  is  conplex  because  of  the  in¬ 
teraction  of  the  preeaure  wave  with  the  two  wall  boundaries  (the  ground  and  the  ver¬ 
tical  building  well)  which  intersect  in  the  convex  corner  at  0. 

Baaossml  lacitteBi  mm  in  nsmiiax 

The  qualitative  effects  compared  to  norm  1  incidence  ere  ea  follow*! 

(1)  The  effects  of  reflected  pressure  ere  shared  by  faces  1  and  2,  Figure 
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FRONT  FACE  AVERAGE  PRESSURE 


FIGURE  9  TYPICAL  NET  TRANSLATIONAL  PRESSURE 

ON  A  CLOSED  BUILDING 
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FACE  4 


8  <.  —■ 

9»  0  CORRESPONDS 
TO  NORMAL 
INCIDENCE  CASE 


FACE  3 


/3  »  0  CORRESPONDS  TO 
NORMAL  INCIDENCE  CASE 


FIGURE  10  NONNORMAL  INCIDENCE  OF  SHOCK  WAVE 

ON  A  CLOSED  BUILDING 
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’0(a).  The  peak  average  praaaura  on  faca  1  is  lea*  titan  twice  tha  maxi¬ 
mum  free-atrea*  pressure  (tha  raault  for  normal  incidence  of  sonic 
wavaa) .  ,rha  peak  average  praaaura  on  face  2  ia  increased  ovar  lta  f  ree- 
atraaai  value  for  noraal  incidence  due  to  reflection  a f facta.  The  nae 
to  peak  praaaura  on  faca  1  require*  a  finite  riaa  tin*  in  contrast  to 
tha  saro  rise  tin#  for  tha  normal  incidence  case. 

(2)  Different  characteristic  times  (functions  of  angle  of  incidence  8  , 

building  diawnsions,  and  praaaura  wav*  velocity  U  depict  the  praaaura 
rise  and  decay. 

(3)  Tha  pressures  on  faces  3  and  4,  Pigur*  10(a),  ar*  similar  to  the  normal 
incidence  caaa  for  tha  bach  and  aid*  faces  respectively,  except  for  dif¬ 
ferent  decay  and  build-up  time  a . 

Tnese  concepts  are  applied  to  estimate  the  average  pressures  on  the  four 
vertical  faces  and  the  net  average  translational  prsaauraa  in  the  direction*  par* 11*1 
and  normal  to  the  vertical  faces,  aea  figure  10(a)  . 

Blast  wave  procedures  have  been  atamtwhat  simplified  and  modified  to  be  con¬ 
sistent  with  the  limiting  cases  (  8-0  and  6  •  *  /2,  corresponding  to  noraal 
incidence  or  aide  on  pressure)  and  to  account  for  the  N-shaped  shock  wavs. 


<i>  hviregs  Outside  Pisamrs,  rice  1 

Figure  11  (d)  gives  the  average  outside  pressure  on  face  1  for  decay  time 
r  2  <  wav*  duration  y  It  wae  constructed  employing  the  same  procedure*  used 

in  Pigure  4  for  the  noraal  incidence  case,  except  that  different  characteristic  tiat* 
and  8  functions  ara  used.  The  average  preseur*  for  r2  >  n  ia  constructed  in 
a  similar  manner. 


< 2)  Average  Outsits  Pg«**ur»,  fact  2 


tia 


This  case  is  similar  to  that  of  face  1,  figure  11(d),  but  the  characteristic 
is  and  maximum  values  of  tha  8  function  ar*  changed.  Por  face  2,  we  set 


-  T' 


1  1 
functions  have 


.  k..cqg..€ 


U  ’  T  2  T  2 

2  8 

values  of  (1  +  — = — ) 


^  ’ —  and  the  8 


instead  of  2(1  - 


( 3)  Average  Outs ids  Preeaure,  Page  3 


The  average  outside  pressure  on  face  3  ia  shown  in  figur*  12(d) .  It  is  simi- 

L  cos  8  b  aln  $ 

lar  to  Pigure  0  except  characteristic  tire*  t,  -  — *’-* -  and  t^  -  — ** - 


—  ~~  - - - - - - U  ~b  v 

+  ^ —  (i  -  L  ^  replace  the  notmal  incidence  values  ~~ 

u  w  u  u 


is 

u 


JL. 

tf 


and 


(A)  hytvvu  °vt»^  PrwHft.  ftgt  + 


This  case  la  similar  to  that  of  face  3,  Piguts  12  (d)  except  different  char- 


acterlatic  times  srs  employsd.  Por  face  4  ws  ast  t 


»  tin  $ _ t  k  Sat  1 _  +  i-L  ,40  sin 

**  “  *  '  it 


9 


l 
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AVERAGE  OUTSIDE  FREE -STREAM 

PRESSURE  ON  FACE  I,  p  S  FUNCTION  SfUNCTION  PRESSURE, p. 


U  "  PRESSURE  WAVE  VELOCITY  *  SONIC  SPEED  PRESSURE  WAVE 

S  1  ANGLE  OF  INCIDENCE  (  0  ^  &  Ki  *2'  )  PLAN  VIEW  OF 

*  r  PRESSURE  WAVE  DURATION  BUILDING 


FIGURE  II  AVERAGE  OUTSIDE  PRESSURE  ON  FACE  I ,  DECAY  TIME  r, 
< WAVE  DURATION*^,  NONNORMAL  INCIDENCE, 

CLOSED  BUILDING 
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AVERAGE  OUTSIDE  FREE  -  STREAM 


FIGURE  12  AVERAGE  OUTSIOE  PRESSURE  ON  FACE  3, 
NONNORMAL  INCIDENCE  IN  A  HORIZONTAL 
PLANE  -  CLOSED  BUILOING 
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<*>  ftvgraa>  J8 f.s.  Tr>na l* 


Tha  ivirif*  Mt  translational  praaaura  in  tha  two  principal  directions  (nor¬ 
mal  and  parallal  to  fac*  1),  flgura  10(a),  ara  obtainad  aa  tha  vactor  aua  of  tha 
praaauraa  on  facaa  1  and  3  and  2  and  4,  respectively 

(6)  hoof  Praaauraa 

for  flat  roofs,  tha  procadura  fcr  as  tins  ting  tha  average  roof  praaaura  for 
noraal  incidancs  is  recoamended  as  a  first  approximation. 

*>•  EgnftPgMl  11  Hfn  Vjjy 

fra* suras  as  high  as  four  timas  fraa-straaa  praaaura  ara  produced  on  tha 
front  vortical  wail,  figure  10<b),  by  nonnoraml  incidanca  in  sida  view.  Xncraasaa  in 
roof  praaaura  ovar  thoaa  producad  by  normal  incidanca  also  occur. 

Ttoasa  results  ara  obtainad  from  physical  considerations  concerning  tha  re¬ 
flection  of  moving  pressure  waves.  Consider  thp  lour  pressure  wave  fronts  1  to  4 
tassuaed  plana)  moving  with  a  wave  velocity  U  •  wave  velocity,  aa  shown  on  figure 
13.  Th*  waves  ara  inclined  at  an  angle  0  with  tha  vertical  and  tha  direction  of 
movement  is  indicated  by  tha  arrow* .  The  wave  thickness  is  rj  u,  with  rj  tha  dur¬ 
ation  of  tha  praaaura  wave,  and  p#  tha  free-streasi  praaaura  of  tha  wave. 

figure  13  indicates  tha  vmva  positive  at  time,  t  «  0,  tha  lnetant  tha  inci¬ 
dent  wave  *  contacts  tha  building  at  a.  Navas  a2  and  dl  ara  reflected  waves. 
The  other  w.  /as  ara  mirror  images  of  these  waves,  employed  to  maintain  symmetry  about 
eacg  and  hdbf.  A  plana  of  symmetry  corresponds  to  a  wall  boundary  since  there  is 
saro  flow  normal  to  it.  Additional  waves  raquirad  to  maintain  other  building  bound¬ 
aries  will  not  be  considered  since  we  ara  primarily  interested  in  tha  vertical  wall 
ao. 


Tha  shaded  araaa,  aa,  bf,  eg,  dh,  correspond  to  regions  where  the  inci¬ 
dent  and  reflected  sonic  waves  have  cam  together,  thus  doubling  tha  praaaura  p# . 

At  a  time,  t  «  t^,  tha  waves  1,  2,  3,  and  4  have  moved  together  a  distance 
uv  figure  14.  Tha  primed  letters  indicating  tha  new  position.  A  disturbance  from 

tha  building  corner  (rarefaction  wave)  has  propagated  from  a.  Its  influence  is  re¬ 
stricted  to  tha  circle  of  radius  ut^  as  indicated.  Tha  praaaura  distribution  in¬ 
side  tha  circle  of  radius  UtI  is  difficult,  to  describe  precisely.  It  will  be  as¬ 
sumed  to  be  fraa-straaa  pressure  p#.  The  area  of  doubled  pressure  produced  by  the 

Incident  and  reflected  waves  coming  together  on  the  vertical  well  is  then  seen  to  be 
restricted  to  the  shaded  conical  region.  The  vertical  wall  is  loaded  only  in  the  re¬ 
gion  as*  (free-stream  pressure  inside  tha  circular  region  and  twice  free-stream 

pressure  in  tha  conical  region) .  Tha  avaraga  pressure  on  tha  full  vertical  wall  la 
leas  than  2pfl  and  may  even  be  less  than  depending  on  the  ratio  of  Utj/sim  0 

to  well  height  H.  Tbs  vertical  distance  Ut^/sin  $  is  greater  then  the  distance 
the  waves  moved  Ut^.  Folnt  a1  can  therefore  be  considered  as  propagating  super¬ 
sonically  with  a  velocity  'T'^S —  Foint  d'  can  also  be  considered  a  a  propagat- 

•in  0  „ 

ing  supersonically  with  a  velocity  ^ —  . 

In  figure  IS,  the  waves  1  end  2  and  3  and  4  have  corns  together  at  time  t^, 

with  the  cones  meeting  The  new  positions  of  the  points  is  shown  by  tbs  double 
primes.  The  shaded  area  indicates  the  region  of  doubled  pressure.  The  time  t}  is 
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FIGURE  14  NONNORMAL  INCIDENCE  IN  A 
VERTICAL  PLANE  { ♦  =  t,  ) 
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M  a  i  _ 

given  by,  — .  .  The  whole  vertical  wall  ia  loaded  (the  circular  re¬ 

gion  at  preeeure  p@  and  th«»  cone  region  at  2p^)  with  the  average  preeeure  given  by 
p  (2  -  am  0  ).  The  average  preeeure  on  the  vertical  wall  variee  between  2p  for 

®  .  ir  * 

norma!  incidence  (  0  -  0)  and  p#  for  the  aid*  on  case  (  0  -  — — )  . 

In  Figure  16  at  t  «  t}>  the  waves  1  to  4  have  paaaed  over  each  other.  The 
preeeure  in  the  doubly  croee  hatched  area  ie  4p#  since  all  four  waver  have  comm  to¬ 
gether  in  thie  region.  The  preeaure  i»  the  other  ehaded  region  ie  2p#  (only  tw< 

wavee  have  coaie  together  here).  The  veitical  wall  ao  ie  fu.ly  loaded,  with  prea- 
eure  p#  within  the  circular  region,  preeeure  4p#  in  the  region  c  *'o,  end  2p # 

over  the  rearming  region. 

UtJ 

The  height  oc’*'  ie  (  -  H)  and  the  average  pressure  on  the  vertical 

wall  is  given  by, 


.1m.H1 1. 

H  sin  0 


(2  -  sin  0  ) 


for 


am  0  - 


uii 


2-HAil 


1  *  sin  0 


0* 


and 


3Ut, 


P.  U 


for 


JLjlUl 


ut 


1  ♦  tin  0 


H 

0  /  o 


For  0  e  tea  11  angle,  the  maximum  average  preeeure  on  the  vertical  wall  sp¬ 


lit. 


proaches  4p^  when  the  cone  and  circle  of  Figure  16  intersect  (-™)  *  j ,2+w*”n g 


llpft  1 

-  a  _  n  1  • 


The  above  fornulae  arc  not  valid  et  0 


for 


l  tin 


0 


since 


H  1  +  sin  0 

the  cone  apex  is  not  infinity  end  the  circle  has  taro  radius.  Moreover,  the  four 
waves  et  an  angle  0  with  the  vertical,  Figure  13,  became  (at  0  -  0)  two  waves 
parallel  to  the  vertical  building  fee*  in  order  to  aiaintein  it  as  e  plane  of  mymmmt- 
:  y .  The  whole  front  vertical  well  then  at  an  average  pressure  of  2pa  et  time 

t  «  0  (the  normal  incidence  result).  For  prsctical  purposss,  howevsr,  the  evsrags 
pressurs  on  ths  front  vsrticsl  wall  can  be  considered  ~  4pa  for  smell  angles  0 


U 

After  the  time,  t^  -  ”  ,  when  the  circle  of  radius  Ut^  ,  figure  16,  has 

reached  the  convex  corner  at  o,  the  problem  cannot  be  described  further  In  terms  of 

H 

th«  simple  mechanism  postulated.  A  decay  to  free-stream  pressure  at  timae  >  - 

is  assumed . 


It  has  been  tacitly  assumed  in  the  foregoing  discussion  that  the  building 
width  is  infinite.  For  finite  building  width  B,  the  use  of  an  equivalent  building 
dimension  is  necessary.  In  addition,  blest  wave  experiments  indicate  a  decay  time  to 
essentially  free-etreem  pressure  for  normal  incidence  of  about  3H/U.  In  order  to  be 
conristent  with  bleet  wave  teats  and  take  the  finite  building  width  i.ito  account,  it 

3B 

will  be  assumed  that  the  height  H  is  replaced  by  il*  -  “  or  3H,  whichever  ie 


& 

ft 
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F  IGURE  16  NONNORMA!  INCIDENCE  IN  A 
V/ERTICAl.  PLANE  (t*  t3  ) 
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FRONT  FACE  AVERAGE  S  FUNCTION  8  FUNCTION  FREE'S FREAM 

OUTSIDE  PRESSURE  ,p_  _ «  PRESSURE,  p. 


i 

^2  ’  A  SMALL  ANGLE  -  L 

FOR0-O,  SEE  FIGURE  14 


FIGURE  17  AVERAGE  OUTSIDE  PRESSURE  ON  FACE  I, 

NONNORMAL  INCIDENCE  IN  A  VERTICAL  PLANE  - 
CLOSED  BUILDING 
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smaller, 


The  averags  outside  pressure  p1Q  on  face  1,  Pleura  1 3(b) ,  for  nonnormal  in¬ 
cidence  in  a  vortical  plana,  la  indicated  in  flours  17(d).  It  was  obtained  In  a  Ban¬ 
ner  aiaiilar  to  figure  4  axcapt  diffarant  ft  functiona  ara  employed. 

Por  flat  r<x>fa,  the  average  praaaura  corraaponda  to  that  for  faea  2,  Pigura 
lO(a)  (non nor»ai  incidence  in  a  horisontal  plana). 

The  bahavior  of  tha  raar  wall,  faea  3  of  Pigura  10(b),  will  ba  taken  aa  being 
aiailar  to  that  on  face  3  for  normal  incidence  in  a  horisontal  plane  (figure  10(a)). 

The  net  translational  praaaura  for  non normal  incidanca  in  a  vartical  plana 
for  a  building  with  a  flat  roof  is  tha  vector  sum  of  the  pressures  on  facaa  1  snd  3 
(front  and  back  faces)  Pigura  10(b). 

Por  side  walla,  face  2  of  Pigura  10<b),  tha  procedure  used  for  estimation  of 
aide  wall  pressures  for  tha  normal  incidanca  case  ia  recommended  for  estimation  of 
tli  average  pressure. 


♦  -  closed  Buildings  -  »h  Hiding  Iff acta 

figure  18  shows  two  structures,  I  and  !I,  situated  one  directly  behind  the 
other.  The  separation  distance  between  them  la  d.  Tha  pressure  wave  first  contacts 
structure  I,  ia  detracted  and  reflected  by  it,  end  then  peeree.  over  building  II.  The 
pressure  distributions  on  structures  Z  end  II  differ  from  those  obtained  if  only  one 
structure  (in  the  absence  of  the  other)  were  eubj acted  to  the  pressure  wave.  The  up¬ 
stream  structure  (I)  shields  the  doMBatraia  structure  (II)  from  the  full  effect  of 
tne  pressure  wave.  Structure  I  la  thus  called  the  shielding  structure  and  structure 
II,  the  shielded  structure. 


figure  18.  Shielding  of  Structures 

experiments14’ and  blast  wave  procedures*0  lndicata  that  the  pressures  on 
tha  hock  face  of  the  shielding  structure  are  reduced  and  the  nst  translational  pres 
sura  on  the  shielded  structure  is  also  reduced.  The  magnitude  of  the  shielding  ef¬ 
fect  Is  a  function  of  tne  ratios  d/S  and  B/S,  where  d  is  the  separation  dis¬ 
tance,  S  the  characteristic  building  dimension  (height  or  half  width,  whichever  is 
smaller) ,  and  B  ia  the  building  width. 

The  reduction  in  back  face  praaaura  on  the  shielding  structure  is  small  and 
decreases  as  B/S  decreases,  being  negligible  for  B/s  <  3.  The  shielding  struc¬ 

ture  can  therefore  reasonably  be  treated  as  if  it  were  isolated  and  the  procedures 
discussed  in  previous  sections  applied  in  order  to  rstimste  the  building  pressures. 
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The  affects  on  ths  shielded  a  true  tart.  «ra  of  sufficient  magnitude  so  that 
they  cannot  be  ignored.  Oats3®  available  at  present  are  for  relatively  high  over¬ 
pressures  and  valid  for  noraul  incidence  and  identical  buildi.tg  geometries.  The 
information  only  applies  to  the  first  shielded  structure  placed  directly  behind  the 
•tuelding  structure.  Same  experimental  results1*  for  nonnormal  incidence  effects  on 
••lf-ahieidir?  rf  building  vings  art  also  available. 

The  effect  of  shielding  on  the  shielded  structure  is  to  reducs  the  peek  re¬ 
flected  pressure  on  the  front  face  to  2  (i*  where  0  <  M  B  -  1.  *  plot30  of  u  # 

vmrsue  the  ratio  of  separation  distance  to  character istic  building  dimension  d/s  is 
given  on  rigure  19.  The  pressures  on  the  other  faces  ara  unchanged  from  their  values 
estimated  on  the  basis  of  no  shielding. 


figure  19.  Shielding  factor  -  p , 


The  procedures  used  for  unshielded  structures  discussed  in  the  preceding  sec¬ 
tions  (for  normal  incidence)  may  be  used  to  predict  pressures  on  tha  shielded  struc¬ 
ture  except  that  the  8  function,  figures  4  and  5,  for  the  front  face  now  has  a  max¬ 
imum  value  of  2  u  instead  of  2. 


When  structures  are  adjacent  to  each  other  and  subjected  to  a  free-straas 
pressure  wave  aa  Indicated  in  rigure  20,  the  diffraction  of  the  free-streen  wave  by 
smeh  structure  has  an  effect  on  the  other  structures.  This  effect  is  known  as  inter- 
fmrencs.  The  primary  result  of  interference  is  to  increase  the  loads  on  each  struc¬ 
ture  due  to  an  increase  in  the  characteristic  building  dimension  from  *  (no  inter¬ 
ference  effects)  to  8'. 
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Figure  20.  Interference  of  Structures 

Table  III  give*  values  of  effective  characteristic  bulging  dimension  s'  «• 
ployed  in  bleat  wave  procedures30 .  Mo  data  are  available  for  roof  loada. 

TABLE  III 

■FPSCflVB  C HA RAC TEA 1ST IC  BUILDING  DIMENSION  S'  ( I NTE RPR RE NCR  EFFBCT) 


Spacing  to 
width  Ratio 

Height  to 
width  Ratio 

S'/H 

I? 

B 

s  x 

2 

!*•  * 

* 

^  S  2 

X  < 

2  " 

a  5  t 

B  2 

V 

H 

•  1  4.  — i  (1-  -2U) 

h 

R 

>  9 
'  2 

!' 

H 

„  !  !  i  -1  I  x-h) 

2  H  *  4H  1  " 

>  2 

5*  .  I 

H  H 

(no  interference  case) 

R  -  number  of  buildings  in  a  row  perpendicular  to  the 
direction  of  propagation  of  the  pressure  wave. 


The  pressures  for  the  case  of  interference  may  be  estimated  Msploying  the 
procedures  discussed  for  non-interference  except  replace  8  by  S'.  Roof  ar>d  side 
face  loada  wll)  not  be  affected. 
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6 .  Closed  Building  -  Sloped  Roufa 


Figure  21  indicates  the  normal  incidence  case  for  sloped  roofs.  For  roof 
slopes,  o.  <  5°,  the  roof  is  considered  flat  and  the  proceaures  previously  dis¬ 
cussed  for  flat  roofs  with  normal  Incidence  apply.  The  upper  limit  on  a  is  taken 
as  45°. 


To  compute  the  outside  normal  force  on  roof  elements  1  end  2  ,  Figure  21 
(b)  and  (c),  we  follow  the  passage  of  the  free-atraaai  pressure  wave  over  the  roof 
similar  to  that  employed  in  Figure  6,  taking  the  difference  in  geometry  and  direction 
of  the  pressure  into  account.  Hoot  elament  2  is  not  losdsd  until  the  N-wave  front 
hsa  reached  the  roof  ridge.  Tnis  occurs  at  a  time  L/2U. 


The  results  of  this  procedure  are  given  on  Figure  22.  The  resultant  vertical 
and  horisontal  forces  and  vartical  and  horizontal  pressures  are  found  by  superposing 
Figure  22(a)  and  (b)  as  follows: 


Wet  Vertical  Fores  ry  (positive  downward) 


F^  ■  cos  a 


IHt  Vertical  Pressure  Py  (positive  downward) 

F 

V 

P  Si 

*v  BL 


f(t) 


N1 


F(t) 


N2 


I 

/ 


(6) 

(7) 


Mt  Horisontal  Fores  Fh  (positive  in  direction  of  pr« 


H 


sin  a  <  F(  t) 


N1 


(B) 


JBtl  Horizontal  Prsssurs  ph  (positive  in  direction  of  pressure  wave) 


BHR 


(9) 


with, 

B  -  Woof  width  ) 

L  •  Roof  Total  Lertgthj - See  Figure  21 

Hr  -  Roof  Height  ) 

a  m  arctan  2Hh/L 

If  tha  direction  of  the  pressure  wave  is  oriented  at  90 *  to  the  direction 
shown  on  r*gure  21,  the  outside  roof  pressure  is  treated  in  the  same  manner  as  flat 
roofs  for  normal  incidence,  Tha  vertical  roof  area  is  considered  as  pert  of  the 
front  and  rtar  fsca  sraas  and  is  taken  into  account  in  computing  the  net  transla¬ 
tional  force.  The  use  of  a  characteristic  front  and  rear  face  dimension  of 
.  L 

f»  *  H  +  Hp/2  or  -  ,  whichever  is  smeller,  is  recoesaended. 

For  nonnormal  incidence  in  a  vertical  plane,  roof  elements  1  and  2  are 
considered  to  behave  essentially  as  faces  2  and  3  of  Flgura  10(a). 
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FREE- STREAM 
N  -  WAVF 


FIGURE  21  SLOPED  ROOFS,  NORMAL  INCIDENCE 

CLOSED  BUILDING 
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NORMAL  FORCE  ON  NORMAL  FORCE  ON 

ROOF  ELEMENT  (2)-F(t)N2  ROOF  ELEMENT 0  -  F(!) 


z 


SAME  AS  ROOF  ELEMENT  (7) 
EXEPT  TIME -DELAYED 


FIGURE  22  O'JTSlDE  NORMAL  FORCES  ON  SLOPED  ROOF 
ELEMENTS,  CLOSED  BUILDING,  NORMAL 
INCIDENCE 
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•  Partially  open  Buildings  -  ggml  Incidence 


When  a  building  with  openings  is  subject  to  a  pressure  wave,  pressure  loads 
exist  on  the  inside  as  well  as  on  the  outside  of  the  structure.  The  resultant  pres¬ 
sures  on  structural  elanents  of  buildings  with  openings  can  differ  significantly  froe 
the  resultant  pressures  acting  on  corresponding  structural  elements  of  closed  build¬ 
ings. 


If  the  open  area  of  the  building  is  aaall,  it  behaves  essentially  aa  a  closed 
building.  On  the  other  hand,  if  the  open  area  of  the  building  is  largs,  it  behaves 
priserily  as  a  drag  typs  structure.  Drag  type  atructuree,  ouch  as  polar,  open  f Task¬ 
works,  etc.,  ars  subjected  as  inly  to  pressure  loads  resulting  frees  aerodyneeic  drag. 
Thsss  structural  ars  not  Important  in  our  application  sines,  fos  aircraft  generated 
shock  wave  pressure  levels,  the  drag  pressure  is  euch  ssutllsr  than  tha  free-strean 
pressure. 


A  building  ie  considered  closed  if  the  front  end  back  walla  have  less  than 
30%  of  openings  or  window  area39  (A  <  .30).  If  the  percentage  of  openings  or  win¬ 
dow  area  la  greater  than  70%,  the  building  is  as.eu.-asd  to  be  a  drag  structure.  A 
partially  open  building  then  has  window  sraa  or  openings  in  tha  front  and  back  wall 
in  the  range  of  .30  <  A  <  .70. 

The  gross  affects  of  opening o  on  the  pressure  distribution  on  buildings^9* 30 

•  ret 


(1)  The  outalde  building  pressures  are  alallar  to  those  for  closed  buildings 
except  that  the  characteristic  building  d  leant ion  s  changes  to  s“, 
where  »"  is  the  average  distance  which  rarefaction  waves  suet  travel 
on  the  front  face  to  reduce  reflected  pressure  to  stagnation  pressurs. 
Figure  23  gives  a  typical  illustration.  Additional  data  Is  found  in  th« 
literature'0 . 

(2)  Tha  pressures  on  the  inside  surface  of  the  structure  approach  free- 
etreaa  values  and  ai'e  affected  by  internal  reflections. 


B  *  WIDTH 


Figure  23.  Characteristic  Building  Dlaension  BH  For 
a  Typical  Opening  -  open  Building 
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Fax  the  purpose  of  estimating  ins  id*  pressure  on  building  surfaces,  we  con¬ 
sider  the  idealised  problem  of  a  structure  with  no  internal  partitions  subjected  to 
norael  incidence  of  a  shock  wav*.  Only  on*  reflection  is  considered  on  an  internal 
surface.  It  is  also  assumed  that  rapid  free-streem  pressure  wave  fluctuations  are 
attenuated  by  diffusion. 

«.  ftytttflf,  MdLftet  iMAAS-lllSJtMM 

The  inside  back  face  (at  a  distance  L  fro*  the  front  face)  is  unloaded  un¬ 
til  the  free*stresa  pressure  wave  (with  velocity  u)  arrives  at  a  tine,  t  -  L/u, 
■ensured  fro*  the  ij.si.ent  the  wave  contacts  the  front  face.  The  free-strea*  pressure 
wav*  that  arrived  at  tut*  L/U  has  been  attenuated  by  diffusion  effects.  Extrapo¬ 
lating  blast  wavs  data29  to  low  prsssure  levels,  the  attenuation  factor  is  taken  ee 
the  open  area  ratio  A  The  presaurs  of  the  wave  arriving  at  the  back  face  is  then 

A  Pa  (t  *  ■jjj)  .  This  attenuated  preasure  wave  A  (t  -  is  then  doubled  by 
reflection  fro*  the  back  face.  The  back  face  pressure  2  A  p  (t  -  —)  than  decays 

t  ®  ^  i 

to  the  ties- delayed  free-strea*  pressure  p#  (t  -  ~)  in  a  tiaas  interval  4(1  -  A  )~. 

Figure  24(d)  gives  the  avsrsgs  inside  pressure  on  the  beck  face.  It  is  con¬ 
struct  Sd  in  s  Manner  similar  to  Figure  6  except  different  characteristic  times  and 
J)  functions  are  employed  to  depict  the  diffusion,  reflection  and  dec*y  of  the 
presaurs. 

*>-  ftYUtit  Front  fist  HtftkEf 

The  inside  front  face  average  pressure  rises  fro*  sero  at  time,  t  »  0,  to 
free  stream  pressure  ps<t)  in  a  build  up  time  tfe.  The  build  up  time  is  approxi¬ 
mated2*'  50  a*  At  time,  t  -  ^  ,  the  preasure  wave  (originally  at  the  *ront 

face  at  time  t  -  0)  which  wee  attenuated  by  the  factor  A  and  reflected  from  the 
back  face,  has  reached  the  front  face  again.  This  attenuated  presaurs  wave, 

A  p  (t  -  ,  is  reflected  from  the  front  face,  increasing  the  front  face  aver¬ 

age  pressure' by  2  A  p@(t  -  ^  .  The  average  front  face  pressure  then  decays  to 

free-streem  preasure  p#(t  -  in  a  time  interval  4(1  -  A  )  ■*. 

Figure  25  (d)  gives  the  svsrsgs  inside  front  face  pressure  p  .  It  is  con¬ 
structed  similar  to  Figure  24(d)  except  that  e  time  delay  ^  is  employed  end  the 
presaurs  builds  up  tram  tsro  to  free-strea*  prasaure  p((t)  at  t  -  ^  before  being 
increased  by  reflection  from  the  time-delsyed  attenuated  wav*. 


The  average  side  face  and  roof  inalde  pressure  (considered  as  the  pressure  st 
~  ,  Middle  of  the  faces)  rises  fro*  sero  at  tiaw  t  «  0,  to  the  time-delayed  free- 
stream  prasaura  p#(t  -  -^j)  in  a  turn  (3  -  4  A  )  •*,  It  is  assumed  that  tha  pres¬ 
sure  dacayr  to  sero  in  a  time  interval  4(1  -  A  )  ^  after  the  negative  peak  of  the 

N-wav*  reaches  the  middle  of  the  faces.  Figure  26(b)  shows  the  average  inside  side 
face  and  roof  pressure. 

m  mmimus.  itistiiugaftL  gaum 

The  net  average  translational  pressure  is  obtained  aa  the  vector  sum  of  the 
inside  and  outside  pressures  acting  on  the  front  and  rear  feces  (and  inside  «nd  out- 
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AVERAGE  INSIOE  BACK  FREE-STREAM 

FACE  PRESSURE, p^  ^FUNCTION  S FUNCTION  PRESSURE,  p. 


DIRECTION  OF 
PRESSURE  WAVE 


TIME,  t 


TIME,  t 


FIGURE  24  AVERAGE  INSIDE  BACK  FACE  PRESSURE 
PARTIALLY  OPEN  BUILDING-  NORMAL 
INCIDENCE 
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AVERAGE  INSIDE  FRONT 

FACE  PRESSURE ,  ^  £  FUNCTION  SFUNCTlON 


DIRECTION  OF 

PRESSURE  WAVE 


t  pfi 


Toiv 


—  4{I-A)^ 


TlME.i 


(b) 


TIME  ,t 


(c  ) 


FIGURE  25  AVERAGE  INSIDE  FRONT  FACE  PRESSURE 
PARTIALLY  open  building  -  normal 
MCIDFNCE 


WADC  TR  58-169 


39 


AVERAGE  INSIDE  SIDE 

FACE  8  ROOF  PRESSURE  FREE -STREAM  PRESSURE, 


FIGURE  26  AVERAGE  INSIDE  ROOF  AND  SIDE  FACE  PRCSSURE 
PARTIALLY  OPEN  BUILDING  -  NORMAL 
INCIDENCE 
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a  Ida  horizontal  roof  praaaura,  if  tha  roof  ia  alopad)  .  Tha  total  load  on  any  faca  ia 
tha  product  of  tha  avaraga  praaaura  and  tha  cloaad  faca  araa. 
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SECTION  3 


FUNDAMENTAL  VIBRATION  AND  STRUCTURAL  CONCERTS. 


STATIC  EFFECTS 

When  studying  dynamic  effects  it  is  useful  to  compare  the  dynamically  induced 
stresses  or  deflections  with  the  stresses  and  deflections  which  would  have  resulted 
if  the  mexlmum  dynastic  external  load  had  been  gradually  applied  and  Maintained,  The 
latter  deflections  and  stresses  are  referred  to  as  the  'static  deflection  shape"  and 
the  "static  stresses",  respectively.  Foraulas  for  the  maximum  static  stresses  in 
beaaus  and  panels  with  various  edge  supports  and  with  an  applied  pressure  p  are 
given  in  Table  TV. 

NORMAL  MODES  OF  VIBRATION 

Suppose  an  elastic  structure  is  deflected  from  its  position  at  rest.  When 
the  structure  is  released,  if  ell  points  on  ths  body  move  through  displacsaNants  which 
srs  in  phase  end  sinusoidal  with  respect  to  time,  the  original  deflected  shape  (des¬ 
cribed  ee  e  function  of  position  on  the  unde f oread  structure)  is  called  a  "normal 
mode  of  vibration"  and  the  frequency  ia  called  the  "corresponding  natural  frequency*. 
These  normal  modes  end  natural  frequencies  ere  "classical4'*4*",  useful  in  the  exact 
solution  of  vibration  problaam,  and  suggestive  in  formulating  approximate  solutions. 
Table  V  shows  ths  effect  of  the  method  of  support  on  the  node  shape  and  natural  fre¬ 
quency  of  beams  and  plates43*48.  The  double  subscript  notation  a^  for  the  square 

plates  indicates  that  ths  mode  shape  consists  of  s  shape  similar  to  the  l^3  beam 

normal  mode  in  the  x  direction  multiplied  by  a  shape  similar  to  the  j-^3  beam  normal 
mode  in  the  y  direction,  where  the  x  end  y  directions  ara  parallel  to  the  edges  of 
the  piste. 

STATIC  PARTICIPATION  FACTORS 

The  static  displacement  of  an  elastic  structure  can  be  described  in  terms  of 
•  sum  of  the  normal  modes  adjusted  to  appropriate  amplitudes  (see  equation  (33),  Ap¬ 
pendix  II)  .  If  one  now  examinee  tne  contribution  of  each  mode  to  the  maximum  static 
strees  and  divides  each  contribution  by  the  maximum  static  stress,  the  resulting 
terms  are  the  "static  participation  factors48*  contributed  by  each  mod*.  The  evalua¬ 
tion  procedure  for  the  participation  factors  is  similar  to  that  for  Fourier  Series 
coefficients,  and  is  given  in  Appendix  II.  Table  V  gives  participation  factors  for 
several  bases  and  plates,  subjected  to  uniformly  distributed  normal  load  or  pressure. 

There  are  several  points  of  interest  in  Table  V.  For  beams  and  plates  whose 

ends  arc  both  simply  supported  or  both  clamped,  the  "anti-symestrlc" ,  even  numbered, 
modes  have  zero  participation  factor.  This  la  to  l»i  expected  because  uniform  pres¬ 
sure  ia  symmetric  and  will  not  indues  anti- symmetric  mod**.  For  the  learn  with  one 
e.vd  clamped  and  the  other  simply  supported  the  even  numbered  modes  are  nearly  enti- 
symamtrical;  hence,  their  contribution  is  small  but  not  ***ro.  The  next  point  of  in¬ 
terest  is  that  uniform  pressure  induces  mostly  ths  first  mods;  hence,  ths  participa¬ 
tion  factor  is  naar  unity  for  all  the  first  modes,  for  simply  supported  beams  and 
plates,  tha  participation  factors  in  the  first  soda  ara  1.03  and  1.12,  respectively, 
and  ths  raauindsr  of  the  participation  factors  osclllata  in  sign.  For  members  with 

clamped  ends,  ths  participation  factor  in  tha  first  mods  la  .89  and  ths  remainder  of 

the  participation  factors  are  positive.  Since  by  definition,  the  participation  fact¬ 
ors  add  up  to  unity,  the  sum  of  absolute  values  of  participation  functions  exceeds 
unity  whenever  ths  signs  alternate.  Ths  ratio  of  tha  second  to  first  symmetric  mode 
frequencies  lie  between  5  end  9. 
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TABLE  IV 

STRESS  AND  DEFLECTIONS 


o .  b,  L  DIMENSIONS,  INCHES 

c  DISTANCE  FROM  CENTROID  TO  OUTER  FIBER,  INCHES 
£  YOUNG'S  MOOULUS,  POUNDS  PER  SQUARE  INCH 
G  SHEAR  MOOULUS,  POUNDS  PER  SOUARE  INCH 
]  MOMENT  OF  INERTIA  OF  CROSS  SECTION ,  INCH4 
P  UNIT  PRESSURE ,  POUNDS  PER  SQUARE  INCH 
p  TOTAL  LOADS,  POUNDS 

4  SHEAR  FLOW,  POUNDS  PER  INCH 

■  STRESS,  POUNDS  PER  SOUARE  INCH 
f  THICKNESS,  INCHES 
v  DISPLACEMENT,  INCHES 
a  b/a 

v  POISSON'S  RATIO,  TAKEN  AS  .3 
i  POINT  OF  MAXIMUM  STRESS 

□  POINT  OF  MAXIMUM  DISPLACEMENT 


TABLE  V 


NATURAL  FREQUENCIES  AND  PARTICIPATION  FACTORS 


1 1 

L 

* 

i 


,  (  BEAM  Of  UNIFORM  CROSS  -  SECTION ) 


.  { SQUARE  PLATE  Of  UNIFORM  THICKNESS) 


wn  >  NATURAL  FREQUENCY  IN  RADIANS/ ST CONO 
El  Of  OL  ■  SE NOINS  STIFFNESS  OF  BEAM  OR  FULL  WIOTH  OF  SQUARE  PLATE 
M  •  TOTAL  UNIFORMLY  DISTRIBUTED  MASS  OF  BEAM  OR  PLATE 
L  ■  SPAN  OF  BEAM  AND  LENGTH  OF  EDGE  OF  SQUARE  PANEL 
PF  -  PARTICIFATION  FACTOR,  OR  FRACTIONAL  CONTRIBUTION  OF  THIS  NOOE  TO  THE 
MAXIMUM  STATIC  STRESS  DUE  TO  UNIFORM  PRESSURE  ON  TOP  SURFACE 
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DYNAMIC  RUrOMU 


1.  dedal  py-nu  gaUZSflit  Puactlan* 

It  is  known  that  tha  dyaaaic  raaponaa  of  any  structure  can  ba  described  aa 
tha  sun  of  product*  of  tha  form 


(noma  I  node  aha  pa)  (cor  ran  ponding  dynanic  raaponaa  function) . 


Whan  tha  aha  pa  of  load-distribution  is  specewis#  constant*,  tha 


taka*  tha  f 


^contribution  of  tha  | 

1  J 

ft**1  ^PnasOc  1 

(  node  to  tha  static 

r  *  i 

raaponaa  ) 

j daf lection  j 

f  1 

1  function  J 

Consequently, 


Critical  I 
<  Pywwaii  > 

I  Straus  | 


00 

]  Naxlaw 

I  < 

Statu 

)•» 

Stress 

J**  partici¬ 
pation 
factor 


Too  attractiveness  oL  this  procedure  lias  in  tha  siaplicity  ef  tha  dyaanir  raaponaa 
function*.  They  are  the  solution*  of  tha  following  differential  agnation t 


f.r  Tiil 


T 


(10) 


df 

with  tj(o)  ■  (o)  ■  0  (11) 

ia  tha  natural  frequency  of  tho  soda,  radlana/oaooad 

is  tho  dynanio  raapaaao  function  for  tha  aoda,  am  dinaaaional 

is  tine,  a  so  aada 

it  proportional  to  tho  land  applied  to  tho  etnaetare  as  a  function 
of  tine 

lo  tho  wan  law  value  of  P 


Aa  no  a  changes  aodao  w  changes  ?  this  will  change  tho  fora  of  f .  hut  P  ( t)  /P„„ 
ia  variant.  J  J 

Such  fj(t)  has  a  aw  law  value,  fj ,  which  dapondo  on  tha  shape  of  tho 
forcing  function,  t ( t) /*maL  ,  and  tho  natural  frequency  considered.  A^  is  tha 
nodal  anplifloatlon  factor.  One  can  plot  tha  value  of  A^  vs.  w  ^tf  dart  tf  ia 


•for  procedure  if  load  shape  la  not  constant  with  tine,  see  Appendix  XX. 
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a  characteristic  tins  associated  with  P(t),  aueh  aa  tha  Carat  ion  of  the  loa*. 

a.  trT\j]  Orirr 

(1)  <  ** 

la  this  situation,  the  body  r^uire*  a  velocity  hut  eahete.it tally  aero  dia- 
plaaehpt  Oaiiaf  the  loading  tiaa,  t_.  Xf  this  fact  id  weed  la  the  differential 
equatiM,  oee  obtains! 

r  V 

Aj  •  "j  dt  S  *  j%r  ( 12) 

-'o 

(2)  (  e ^ty  >  t  ,  Kk)/^  rleee  aa  a  step,  and  decays  slowly 


Z»  thid  situation,  it  is  well  he  see  that  the  anpiif  leatloe  fester  is  two. 
This  is  so  haddJdd  the  body  hid  s  dtee#  state  seepeeee  of  unity  sad  fiede  itself  at 
aero  velocity  iapr stand  to  asro  diaplaossamt  or  td  sinus  unity  below  steady  state. 

Xt  this  vibrates  to  plus  unity  shows  steady  state  or  to  two,  absolute,  which  it 
reaches  at  sore  velocity. 


figure  21  fives  tha  aoiil  anpiif leu ties  factor  far  aa  a* shaped  pales.  This 
pulse  shape  oar responds  to  that  for  the  parnnntor  r/if  -n  aa  (Pigure  2d) .  Those  re¬ 
sults  were  obtained  analytically. 

c.  iaapowaa  for  An  Arbitrary  Tjt)/t _ deletion 


The  eitttici  of  efeeticne  (10),  (11)  fives  the  reaponee.  Analytic,  analog 
ccnputer  ted  yraphioel  pt  nnedurer  are  enployed.  figures  iZI)  through  (30)  show  the 
wiring  dfrttte  eel  typUdl  forcing  ftewninuo  and  reepbeeee  far  the  oaslng  inupui  sr 
techs laoe.  The  grephieei  Method,  described  le  ippswdls  XX,  ease  phase  plane 
theory**.  Sh  this  pm  osier  e,  the  actual  Pd)^^  cures  is  replaced  by  e  step  shaped 

function  of  identical  arcs  during  each  step.  Tha  rest— a ndsC  ace  dleaeelwial  dura¬ 
tion  of  each  step  is  w  (dt)  -  t/j  or  lees,  where  <**  is  the  natural  tr agues ry 
coeeidarsd.  dhee  applied,  aa  as  Illustration,  to  aa  *- shaped  neve  of  decs  ties  eguel 
to  one  natural  period,  end  when  only  a  in  steps  were  used,  tee  appr  actants  aepllfica- 
tioe  factor  wee  l.MS  eenpered  to  the  enact  vales  of  2.00. 


9YNAMXC  0TMNM  ANPtirxCATXOP  PACTOt 


On  page  H,  a  fonuula  was  given  for  tbs  critical  Oynanlc  atrado  as  a  function 
ef  tine  in  terns  of  the  ueefc—  static  a  trees  and  e  sun  of  products  of  pertlelpetlon 
factors  and  correspond  leg  aedal  reoponeo  functions  (ef  tins) .  "A*,  tha  dynamic  an- 

piieicui  n  factor,  la  the  ratio  of  the  rnarimm  value  of  the  critical  t  yuan  it  otreeo 
to  the  nanlauu  static  a  trees. 


Xt  is  edaiar  (aad 

sot  overly  coeeervetlve) 

to  obtain 

aa  upper  limit  on  A,  or 

A^  thwa  it  la  to  obtain 

A.  Thus,  if  one  resumes 

that  nodei 

i  contribute  their  ear  lea 

slsultaneouslyt 

e 

\ 

-  I  <">4  *4 

j.f  J  * 

(12) 
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GENERATING  THE  FORCING  FUNCTION 


-Q(T) 


SYMBOLS : 
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COEFFICIENT  BETTI*®  POTENTIOMETER 

FIGUNC  11  ANALOG  WIRING  DIAGRAM 

47 
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:  *  -  »-■  *  .,v  ft*  -v-  ,  , 


FIGUNE  30  typical  analog  compute*  solution 

l  WITH  MOOlFtED  N-WAVE  FO*C ING  FUNCTIONS ] 


LOADING  TIME  IN  NUMBER  OF  NATURAL  PERIODS 
FIGURE  31  AMPLIFICATION  FACTOR  FOR  N -SHAPED  PULSE 


But,  it  can  hm  ahoun  that  for  ali  tM  prohlan*  considered  in  Tahla  V  it  U  conserve  - 
tiva  to  uMi 


\  *  «»,*•  | 


where  M  la  a  factor  designed  to 
hifhar  sodas. 


trihut Iona  dua  to  A,  for  tha 


f  •  a 


«  A  >* 


»  l  + 


.315  (i  - 

»•»» 


««  s  • 


-cr  ia  tha  radian  frsguoney  at  «hkB  ui  mum,  m  ia  c mm  to  vary  fraai 
2.5  to  1.0  ia  rifura  32.  (A^  oaa  tea  thought  of  u  u  aguivalaat  first  node  aagU 
fieatloo  factor  while  T  (PT)  ^  ia  tha  egvl  valent  first  noha  participation  footer, 
hath  of  uhioh  taka  into  account  higher  nates. 


thought  of  aa  aa  ogui volant  first  note  aapll- 
eful  valent  first  nata  participation  factor. 


Baa  Appendix  II. 
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Modification  Factor 
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Figure  32  Modification  Factor,  M  v»  Jf- 

"cr 
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SECT I OK  4 


DYNAMIC  I7TSCTS  naOUCSD  BY  shock  wave  loads 


GSNBKAL 


In  this  r spore,  we  km  followed  preci mm  vibration  theory  to  establish  suit* 
abl*  factors  so  that  oaa  aaad  only  know  tha  low  at  natural  fraguaacy  *.o  estimate  tha 
dynamic  amplification  factor  due  to  unlf ora  preseur#  varying  with  tia>,  Tha  amplifi¬ 
cation  factor  for  tha  first  soda  is  eommtlmeo  not  large  aoongh,  if  hifhar  nodea  ara 
Important.  It  has  baaa  found  that  two  factors  will  correct  this  deficiency.  One  is 
labeled  tha  "Ctt  factor  on  tha  accompany  lag  graph*;  it  is  tha  *ue  of  tha  absolute  val¬ 
ues  of  the  participation  factors,  the  aeoaad  factor  is  th#  "It"  factor  which  accounts 
for  the  ymtar  attaaeatioe  of  tha  first  coda  thea  of  the  hifhar  eodss.  The  uiwaodi- 
fisd  graphs  ara  also  given  is  ths  avsnt  there  are  so  higher  modes. 


GRAPH* 


rig area  33-35  are  geeerally  self  empl amatory,  they  give  tha  amplification 
fuluis  £%*  werioua  lead-time  relatione  which  appear  ia  normal  incidence  of  tha  *»- 
wave.  The  tingle  period  of  a  sine  wave  ia  an  appcaarimatioa  to  roof-load,  under  nor¬ 
mal  incidence.  It  ia  interesting  that  tha  aawieMt  amplification  factor  is  highest 
for  this  condition  of  loading. 

Per  load  time  relatione  for  which  amplification  factors  ara  not  available,  a 
simp  .a  quick  graphical  oomot motion  dm  available  ia  tha  Appendix,  pegs  109. 
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Figure  33  Amplification  Foctor  vs.  Loading  Time  in  Number  of  Natural  Period  t7?/- 


2.4 
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Figure  34  Modified  Amplification  Factor  «.  Loading  Time  in  Number  of  Natural  Periods  C^/j) 
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F»gure  35  Amplification  Factor  For  A  Sinusodioi  Ful*e 


SKCTIOM  S 


CRITICAL  STRUCTUMM  AMD  STRUCTURAL  MIX  MUTT* 


in  Section  2,  Table  I,  it  has  b««n  shown  that  shock  wave  frM-strMs  post* 
pressures  are  at  aoet  the  order  of  .10  psi.  Atonic  and  conveatloaal  explosive  blast 
data17*29*4*  indicate  that  the  only  structural  elements  which  fall  at  pressure  levels 
five  to  fifteen  tins*  greater  than  the  peak  shock  wove  pressures  are  giane  and  plast¬ 
er.  In  addition,  scat  shock  wave  damage  reports45'44  concern  glass  and  plaster 
ige.  Theoretical  estioates  based  on  test  data57”59  also  indicate  that  glass  and 
plaster  are  critical  str««ctural  eleoents. 


•hock  were  loads  produce  failure  of  brittle  structural  alsotnts.  Failure  oc¬ 
curs  before  any  plaatic  detonation  can  take  plaoe.  Xn  addition,  the  cere  ductile 
materials,  such  as  steel  sad  reinforced  concrete,  which  any  undergo  large  plastic  de¬ 
forest  ion  before  failure,  srs  stressed  well  below  their  yield  points.  Structural  re¬ 
sponse  is  thsrefore  governed  by  elastic  behavior. 

Glees  windows  are  found  in  nil  classes  of  structures.  Glass  falls  in  tension 
produced  by  bending  • treses*.  Tfcti  bending  stresses  are  preport Ices 1  to 
(spen/thicfcneee) *.  Store  fronts  are  critical  since  large  span/ thicks ees  ratios  are 


Most  structures  are  designed  according  to  building  codes.  For  major  struc¬ 
ture*  these  codes  specify  in  detail  design  loads,  allowable  stresses  and  materiel 
properties.  Factors  of  safety  on  failure  tf  4  or  wore  ere  not  uno wanna. 

Residential  struct urns,  an  th)  other  hand,  are  not  subject  to  ouch  rigid 
specifications  and  many  factors  Much  affect  the  strength  of  the  house  are  left  to 
the  discretion  of  the  buildet.  As  a  rule,  no  lend  or  itma  analysis  is  aade  on  a 
house.  Snail  structures  such  «•  sheds,  wood  frane  garngne,  burns,  etc.,  oan  be  in¬ 
cluded  in  this  category. 

A  study  of  various  buildings  indicated  that  walla  of  residential  structures, 
particularly  those  with  door  and  window  openings,  are  normally  critical  in  shear  and 
in  sene  cases  banding  action  governs.  In  resldaatlal  structures  all  the  horlaontal 
loads  imposed  on  the  bouse  are  transmitted  to  the  foundation  by  skaai  in  thn  walla. 
In  larger  structures,  the  sheer  leads  are  normally  carried  by  eoltams  or  diagonal 
framing.  The  sheering  and  bending  rigidity  of  residential  type  wall  construction  is 
smaller  than  that  of  other  structures. 

The  emphasis,  therefore,  of  this  study  la  coo  parsed  with  glass  and  plaster 
vail  structural  elements  and  residential  type  structures. 
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SECTION  6 


APPLICATIONS  TO  GLASS  WINDOWS 


GENERAL 


Glass  is  *ri  elastic  structural  materiel.  Lika  metals,  its  strength  depends 
on  its  chaw  leal  composition  and  on  its  heat  treatment,  Ordinary  window  glass  is  in- 
nsalsd  to  remove  Internal  raaidual  stresses,  whila  tampered  plat#  glass  has  up  to 
4-1/2  times  o»a  strength  of  annaaiad  glass.  Glass  is  weakest  in  tanaion  and  all 
cracks  ara  normal  to  tha  direction  of  aav Ishm  tension.  Contact  tth  water  or  alcohol 
reduces  its  strength.  Whan  dry,  glass  is  20%  stronger  than  whan  wet.  Its  strength 
is  also  affected  by  tha  duration  of  loading.  Whan  it  ia  loaded  for  several  hours  its 
strength  is  50%  of  that  for  a  one  second  loading  tisM.  The  rata  of  pressure  loading 
also  has  an  affect  on  the  strength  of  glass.  Teats37  on  single  strength  glass  panels 
14 u  x  19"  showed  a  breaking  pressure  of  about  l.S  pal  for  a  aero  rata  of  pressure 
rise.  At  a  pressure  rise  of  300  pei/sec.,  the  breaking  strength  rose  to  about  4.5 
psi.  This  represents  an  increase  in  dynamic  strength  of  three  times  the  static 
strength. 


Cracks  originate  at  a  weak  point  such  as  a  scratch  or  imperfection  in  tha 
glass.  Window  glass  ia  polished  to  e  smooth  surface.  Since  impurities  cannot  be 
avoided,  glaas  is  graded  into  different  qualities  described  in  United  States  Govern¬ 
ment  specifications33. 

DESIGN  STAMM RDS 

The  design  of  windows  and  window  aash  has  been  .eft  to  the  discretion  of  tne 
manufacturers  and  builders  who  have  had  many  years  of  experience  m  this  f»eld. 
Building  codes  and  engineering  handbooks  do  not  go  into  the  details  of  designing  the 
stiles,  rails  and  dividing  bars  of  a  window  aaah.  Tha  building  coda  of  tha  Cicy  of 
N*w  York,  however,  specif iaa  that  glaxing  shall  be  designed  for  a  pressure  of  30 
lbs. /ft. 3  in  either  direction,  and  also  gives  a  schedule  of  saxlwm  areas  of  window 
panes  for  various  thicknesses  of  glass  (sea  Figure  34)  . 

In  order  to  standardise  dimensions  of  windows,  commercial  organisations  have 
adopted  voluntary  standards.  Vox  windows  with  wood  frames,  standards  have  bean  pub¬ 
lished  by  the  tkalted  State#  Dey-aitmant  of  Coerce3*.  Tie  Aluminum  window  Manufac¬ 
turers  Association  publish#*  its  own  standards35  and  offers  a  aeal  of  approval  to 
those  meeting  them. 


DEFINITIONS 

Following  ere  definitions  of  term  that  will  be  uaed  in  the  discussion  of 

windows < 


Light  -  section  of  window  enclosed  by  framing 

Hun tin  -  any  short  or  light  framing  member,  either  vertical  or  horixontal 

Rail  -  cross,  or  horixontal,  outslda  framing  member  of  a  window  s*sh 

Check  tail  -  meeting  rai)  sufficiently  thicker  than  the  window  to  fill  the 
opening  between  the  top  and  bottom  sash  of  a  double  hung 
window 

Stile  -  the  vertical  outside  framing  number  of  a  window  sash 
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Ref:  New  York  City  Building  Code,  1936  -  C26  —  550.2 
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.08  .12  .16  .20  .24  =26  .32  .36  .40 

Nominal  TMckiieM  of  Glees  -  inodes 

Figure  36  Maximum  Area  Of  Glass  Focing  vs.  Nominal  ThicJcnsis  Of  Glass 


•ash  -  single  assembly  of  stilaa  and  rails  ante  into  a  (rant  for  holding 
glass,  with  or  without  dividing  bars 


APPLICATION  Of  THEORY 

A  simple  rational  approach  to  ths  dasign  of  window  sash  is  suggested  by  ths 
National  Academy  of  Sciences)*.  Drawing  45*  linas  from  tha  cornara  of  a  window  pans 
divides  tha  araa  into  triangular  and  trapasoidal  sections.  From  statics,  •’he  loads 
and  straaaas  on  aach  stile,  rail  or  dividing  bar  can  ba  found.  Window  panaa  ira 
Analysed  as  rectangular  plataa,  unifomly  loaded  and  simply  supported  or  clasp  ad  on 
All  adgas . 


Figures  37  through  45  prsaant  curves,  baesd  on  ths  above  sathod  of  analysis, 

Croat  which  ths  breaking  preasuras  for  typical  elaaa  of  woodar  rails  and  atilaa  can  ba 

determined.  These  curves  are  piottad  for  a  wide  range  of  win  low  sires  and  types. 

Figures  46  through  49  prsaant  graphs  fox  tha  computation  of  failure  pressures 

Cor  glass  window  panels  of  varying  thicknesses,  aisaa  and  types .  Graphs  for  tha  de- 
banaination  of  natural  frequencies  of  glass  panels  are  presented  in  Figures  50 
through  52. 

CALCULATED  RESULTS 

Using  ths  above  motioned  data,  free-straam  shock  wave  pressures  that,  produce 
failure  can  ba  determined  for  window  panes  from  tbs  following! 

3P 

K  ctlU0*i  ■  TiTsV*  1151 


where  F  is  tha  static  failure  pressure  of  tha  window  element  under  investigation  - 
U  1*1 

A  x  N  is  the  modified  dynamic  amplification  factor  (Fig.  34)  tot  r/r»  — ♦ao 

Tha  factor  3  in  tha  numerator  represents  tha  increase  in  static  strength  due 
to  a  rapidly  rising  pressure  load, 

Tha  factor  2  In  the  denominator  is  ths  m«i  imum  incident  overpressure  for 
normal  incidence  (rig.  4). 

Table  VI  presents  critical  free-streem  shock  wavs  pressures  for  glass  panels 
of  various  sixes  and  thicknesses.  Tha  data  in  this  table  have  bean  computed  for  a 
free-stream  pressure  wave  duration,  ,  equal  to  .10  seconds  and  for  normal  inci¬ 
dents  of  tha  wave  on  tha  panes.  Tha  affect  of  tha  increase  In  strength  due  to  rapid 
loading  has  bean  included  by  use  «f  the  factor  1  aa  shown  in  equation  (15)  .  For  non- 
normal  Incidence,  tha  values  of  p  critical  could  ba  reduced  by  a  factor  as  large 
as  2.  (Has  Section  2.) 


R  XPER I MENTAL  RESULTS 

A  number  of  different  glaring  materials  for  vaa  aa  window  panaa  were  tasted 
at  tha  Aberdeen  Proving  Ground 38,  Tha  results  of  these  teats  on  a  16"  square  glaaa 
pane  1/8"  thick  (double  strength) ,  gave  a  minimum  tree-stream  or  incident  breaking 
pressure  of  0.75  pel.  Using  tha  mthod  described  in  this  report  for  a  16"  square, 
double  strength,  clamped'  and  glees  pane,  the  predicted  free -at ream  failure  pressure 
would  also  be  0.75  pel. 

A  number  of  tests  were  conducted  at  Aberdeen  Proving  Ground17,  to  investigate 
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Breaking  Pressure  )  x  f  (a) 


'Check  Rail 


Plain  Rail- 


I  See  Fig.45  far  Fla) 

This  graph  was  plotted  for  on 
ultimate  strength  of  wood 
Sy  ■  4000  ps  i. 

For  wood  of  a  different  ultimate 
strength,  the  breaking  pressure 
mast  be  multiplied  fay  the 

ratio  ,  . 


w  -  Width  of  Glass  -  Inches 


Figure  3 7  Breaking  Pressure  For  Middle  Rail 

Wooden  Windows  —Two  Lights 
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5  10  50  100 

w  -  width  of  Window  Pan*- inches 


Figure  38  Breaking  Pressure  For  Middle  Rails 
Wooden  Windows  -  Four  Lights 
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b  i 


Breaking  Pressure  -  psi 

Figure  39  Breaking  Pressure  For  Horizontal  Roil  Wooden  Check  Rail  Windows  -  Six  Lights 


Breaking  Pressure  )  x  F  («) 


.50 


See  Fig.45  far  F  fa) 

This  graph  was  plotted  for  an 
ultimate  strength  of  wood, 

Su  »  4000  p si 

For  wood  of  a  different  ultimate 
strength .  the  breaking 
pressure  must  be  multi  plied 
by  the  ratio  SM 

\  i 


w  -  Width  of  Gloss 

Figure  40  Breaking  Pressure  For  Horiiontal  Bor 
Wooden  Check  Roil  Windows -Four  Lights 
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(  Breaking  Pressure  i  x  F  {<*)  -  psi 


-Cneck  Rail 


Plam  Rail' 


|  Ste  Fig.45  fer  F(a ) 

This  graph  was  plotted  for  an 
ultimate  strength  of  wood 
Lu  »  4000  psi 

For  wood  of  a  different  ultimate 
strength,  the  breaking 
pressure  must  be  multiplied 
l  by  the  rotio  Su 
\  I  1  4000 


h  -  Height  of  Window  Pane -Inches 

Figure  41  Breaking  Pressure  For  Vertical  Bor 
Wooden  Windows-  Four  Lights 
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<  Breaking  Pressure 


Figure  42  8 f e ta k < . •  y  Pressure  *-or  Vertical  Bur 

Wooden  Check  Rail  Wmdow'S-Six  Lights 
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Breaking  Strength  of  Wooden  Check  Rail 
With  Triangular  Load 


iOO 
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Figure  44  Breaking  Strength  of  \Woowen  Check  Ra»l  With  Traperoidol  Looding 


Figure  45  F  (o)  vs.  a 
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Shop*  -  Support  --  Factor 


figure  46  Failure  Pressure  For  Clear  Sneet  Gloss  Panels 


/ 1 


WAOC  TH58  i& 


Failure  Pressure,  PS! 
Shape  -  Support  -  Factor 


Figured  Failure  Pressure  For  Polished  Plate  Glass  Pinels 
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Shop*  -  Support  -  t-octor  For  Simply  -  Support**  Patti* 


m 

9 

I 


Figure  48  Shape  -  Support  -  Factor  For  Simply  -  Supported  Panel* 
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Shop*  -  Support  -  doctor  For  Clomped  Panel* 


Frttjjency  Factor 


500 


Figure  50  Naturol  Frequency  Of  Long  «‘  ,ipiy  -  Supported  Ponei* 
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ff  qnoocy  of  SiMply-  9^iportii  Pawl 
Fropottocy  of  Loft$  Simply  -  Supported  Panel 


Figure  51  Frequency  Factor  For  Simply -Supported  Panels 
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Frequency  Of  Clomped  Panel 
Frequency  Of  Long  Simply  Supported 


O 


H 


Figure  52  Frequency  Factor  For  Clamped  Panels 
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the  effects  of  various  siM  base  detonations  or.  three  model  houses.  Extrapolating 
the  data  for  the  was  1  lest  slss  bomb,  a  250  pound  light  causa  charge,  it  was  determined 
that  the  incident  pressure  acting  on  these  houses  use  approximately  0.8  pel.  At  this 
pressure,  many  of  the  window  penes  were  broken  in  addition  to  other  damages.  Mo  con- 
«  uslons  can  b#  drawn  from  these  tests  since  the  minimum  pressures  were  greeter  than 
what  would  be  predicted  for  window  pans  failures  using  the  methods  presented  in  this 
report. 


The  united  States  Atomic  Energy  Commission  also  investigated  damage  to  dif¬ 
ferent  types  of  windows  subjected  to  atoaric  blasts*4.  Here  again,  the  incident  pres¬ 
sures,  aprrnvimatsiy  2  pal,  wars  above  the  range  of  interest  for  this  investigation 
and  no  conclusion*  could  be  drawn  as  to  etnlssm  free -stress  failure  pressures . 
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TABU  VI 


CRITICAL  inm-SnUAM  SHOCK  HRVB  PMES80R88  POB  GLASS  tfXMMMS  -  NORMAL  IBCIDUCZ 

(  V  .0.1  sec.) 


Window 

Sis* 

Type  of 

Idge* 

Support 

Batura 1 
rreq.  -  f 
tc.p.s.) 

Pynsielc 

Aagjll  fleet  Ion 
rector 

Pal lorn 

Pressure 

p#  critical 

24"  x  24" 

s.s. 

30 

2.734 

0.261 

0.144 

•lag!* 
strong th 

Cl. 

59 

2.0 

0.243 

0.183 

12-  x  32" 

s.s. 

120 

2.734 

1.04 

0.573 

single 

strength 

cl. 

236 

2.0 

0.975 

0.732 

24-  x  36* 

s.s. 

21.7 

2.20 

0.148 

0.111 

single 

strength 

cl. 

44.1 

2.00 

0. 153 

0  120 

12“  x  36* 

s.s. 

66.7 

2.20 

0.424 

0.291 

single 

strength 

cl. 

165 

2.0 

0.600 

0.450 

36"  x  36" 

s.s. 

1«.0 

2.734 

0.208 

0.114 

double 

strength 

cl . 

35.4 

2.0 

0.194 

C.  147 

20-  x  20' 

s.e. 

5B.0 

2.734 

0.678 

0.372 

double 

strength 

cl. 

114.0 

2.0 

0.634 

0.474 

36“  x  60* 

s.s. 

12,2 

2.20 

0.108 

0.075 

double 

strength 

cl. 

22.7 

2.00 

0.123 

0.093 

20-  x  60* 

s.s. 

32.2 

2.20 

0.275 

0.186 

double 

strength 

cl. 

79. • 

2.00 

0.390 

0.291 

120*  x  2000' 

s.s. 

2.2 

0.53 

0.036 

0.105 

1/4*  pis  t Si 
glees 

cl. 

♦  .6 

1.29 

0.042 

0.048 

50-  x  200- 

s.e. 

10.1 

2.20 

0.156 

0.108 

1/4*  platae 

glass 

cl. 

26.1 

2.00 

0.230 

0.171 

120-  x  uor 

s.e. 

3.2 

1.09 

0.070 

0.096 

1/4-  platan 
glass 

cl. 

6.3 

1.94 

0.066 

0.054 

50-  x  :>o* 

s.s. 

19.0 

2.734 

0.400 

0.219 

1/4-  platan 
glass 

cl. 

37.4 

2.0 

0.372 

0.279 

# 

s.s.  —  sisply  supported  edges 
cl.  —  clasped  edges 
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EXAMPLE 


In  order  to  illustrate  the  fuse  ot  the  graph*  la  determining  the  date  for  the 
above  table  and  fc«  show  the  method  of  analyela  for  a  tiles  and  rails,  a  sample  calcu¬ 
lation  la  shown  belowt 

window  Description!  26“  x  50"  double  hung  wood  frame 

pane  alee  24*  x  24*  single  strength 

check  rail  —  1-2/32“  x  1-3/S*  (S  -  6000  pal) 

•  -  4000  pal  (par's#) 

II 

Assisting  the  panes  have  aiaply  npyortsd  edges  t 

-  0.10  (Fig.  44) 

?aa 

Proai  Fig.  48,  with  a  ■  lj  f  ■  2.6 
Therefore,  pu  -  (.10)  (2.4)  —  0.26  pel. 

Fron  Figure  50,  -  15 

haa 

at.d  fran  Figure  51,  h#|  -  2  . 

Therefore,  f  -  (2)  (15)  -  X>  epe  and  T  -  —  •  .033  sec. 

fox  j)  *  0.1  sec..  ’J/T  •  3 

Proe  Figure  34,  M  —  2  and  C  -  1.367  for  aiaply  supported  square 

plate. 

Dynastic  amplification  factor  •  (2)  <1 .367)  -  2.734 

Substituting  in  equation  IS, 

Ps  critical  for  the  panas  *  <2M2?734)  “  0,144  P*1* 

For  noanomal  incidence*,  pf  critical  •  0.072 

Free  Figure  37,  failure  pressure  for  the  check  rail  equals  2.4  pal. 

Using  a  dynastic  amplification  factor  of  2,  and  essiaaing  a  normal  incidence  factor  of 

2, 

pg  critical  fee  rails  -  "  0,60  P*A* 


•It  is  assisted  that  the  angle  of  incidence (  0  is  snail  so  that  the  window  is  sub¬ 
jected  to  a  pressure  of  auhafctstlally  4  p  for  tiaoo  the  order  of  its  natural 
period  (see  Figure  17,  Section  2). 
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pocyyoa  7 


APPLXCATXOd  70  HAUU3 


tm  national  ihuTH«  of  *tuw»tor*«  confected  t  of  too w3*  on  *  motor  of 

<Uff«rent  typo*  of  mil  maitnicUoM  for  low  tost  residential  iMvaiog.  The  purpose 
of  chaso  toot*  me  to  toteralne  tM  Hnetottl  otro egtba  uh>  properties  of  tM  mil* 
uadvr  vnricmc  typos  of  lending  uunfltioce.  7h*  Mil  ejociMM  Mrt  subjected  to 
a«MT«s»i,  compcmciv*,  concentrated  +**&  racking  lento,  The  Intezsetlng  loo ding a, 
m  fu  t «  ttua  inveatlgatloe  to  loocMto,  are  thoot  sousing  ini*M»l  tailor*  too  to 
tttcumH  ard  re-cXlay  looto.  r,ie  Uwortm  Into  tog  sinuletee  tin  typo  of  lotting 
due  to  norml  prssour**,  ehlie  tw  racking  lento  uo  looto  treneuittto  to  alto  mil* 
by  ixtmro  acting  at  the  front  to  bock  Mill  mod  roof  of  •  dtrvetttro.  These  looto 
aia  applied  tc  tho  top  of  a  toll  la  Um  plam  of  tte*  mil  end  suro  too  lotto  at  tbs 
bet  too  thus  protoclog  a  shearing  notion. 

Tab  la  VU  ommnrlano  these  toot  rooalto.  Tho  initial  failure  looto  Uetto  in 
the  table  ora  tlx  1  cooat  values,  found  fron  a  needier  of  toots  on  eeeb  typo  cf  mil 
panel  foe  each  t.p*  of  loading,  at  which  Initial  failure  such  on  plnotor  crocks  oc¬ 
cur  rou.  Por  canpnrlron,  tho  tor  1mm  failure  lonto  nr*  a  loo  given.  In  all  cases,  tho 
•alia  tooted  «w<  solid  peo*l«,  that  la,  there  m-co  no  openings  for  tooro  oar  windows. 
Too  loot  thro*  Item  in  this  tobia  are  mil  constructions  typical  of  tbooo  wood  for 
foundations  for  mall  rooldmooo . 

A  aim  1st  eerie*  of  toots*0  wars  conducted  by  the  r  or  net  Products  Loborotcry 
on  wood  paasl  txtam  mils  with  plsctsr  on  mod  lath  on  oaa  face.  Thao*  mils  wr« 
i  Ur  Alar  in  coostructioc  to  wall  Oh,  Table  VI?,  with  tbs  aaicoptiws  tbnt  there  wot* 
door  and  window  opening*  out  Into  tboas.  Plaster  crack*  oceurrod  at  tbo  ooraers  cf 
door*  and  wisdom  for  racking  loods  M  low  so  57  lbs,  psr  ft.  This  compares  with  tho 
SMI  toots  fox  mil  QA  which  pretooto  plaster  crocks  with  a  rat* in*  load  of  500  lbs 
per  ft.  this  lodlootoo  that,  for  plants.*  mils  with  door  *to  wirdow  open  laps,  tbo 
Initial  failure  load*  should  bo  totsrnlrrS  by  dividing  tbs  loads  given  in  Table  7IX 
by  a  factor  of  appraninatoly  10. 


In  order  to  confute  amplification  factor*  Cor  walls  of  thwae  typos  for  thotr 
dynamic  rasp  oner  to  a  shock  mve,  natural  frequencies  and  natural  perltoa  arc  re¬ 
quired.  Por  the  natural  frequency  Aus  to  transverse,  or  nonaol  pressure  loodlnj,  tho 
mil  is  treated  no  a  <mi  focal  y  lontod  staple  boon  with  a  span  *r-*i  to  tho  height  of 
tbo  mil.  Per  I.  boon  of  this  typo,  tho  first  natural  frequency  Is  given  by  (so* 
equations  (11)  and  (to)  of  Apputolx  III) « 


o> 


ia  l 


and 


T  * 


U L 

u> 


Tho  flexural  rigidity  tl  i*  given  by 

XT  ■ 


(tqn  nation  (63),  Appendix  111)  i 
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STRSMOTH  DATA  ON  VAJt  1008  WALL  CONSTRUCTIONS 


SttlTIAi  rAlUffl  LGAD0*- 


Bl»?* 

am** 

Tranavoraa  Loading 

(  Um  t  ./at . ?) 

Kecking 

Lead 

Description 

Mali 

yell 

keport 

l  eaded  on 

Loaded  On 

(Uhl.) 

1  rt. 

of 

Deelyeatlee 

Structure 

MO, 

Inoide  Faae 

owtalde  Pace 

Pal lure 

Mood  tram  — 
bevel  aiding 
on  diagonal 
ss»4  eoeatk- 

35 

383 

38 

500 

Piaster 

inf  oataida 
—  plaster 
on  wood  lath 

inalda 

(389) 

(83) 

(1500) 

Cracked 

wood  fraae 
pU«t«r  on 
QP  mq4  Utk 

ineide  aad 
owtalde 


48  48  380  Plaster 

(53)  (53)  (880)  Cracked 


Mood  tram  — 
Douglas  fir 
plywood  in¬ 
side  —  rood 

30 

153 

87.5 

875 

Studs  broke 
doe  to  traas- 
verse  load  — 
vellboard  and 

shingles  oa 
Douglas  *lr 
plywood  out- 

•Ida 

(233) 

(271) 

(1440) 

sheathing 
buckled  due 
to  recking 
loed 

Moed  tram  — 
wood  bevel 
siding  oa 
wood-fiber 
insulating 

31 

75 

7$ 

1125 

P la star 

board  out¬ 
side  — 
piassar  oa 
wood- /tear 
lath  inalda 

(400) 

(422) 

(1750) 

Cracked 

"Value#  given  are  lowmt  value#,  Maximum  value*  are  indicated  in  brackets.  The  nua* 
bar  of  duplicate  teat*  varied  between  three  and  «ix. 


I 

! 

{ 

* 

* 

t 


t 

a 

A 

s 

t 

i 

j 

| 


> 

t 

i 

j 


MKDC  T*  S#»  189 


83 


TABUS  VII 


MS  BUS 

Mali  wall  import 

Dsailaaatian  Structure  Be. 


wood  franc  - 
wood  bovol 
siding  on 
wood-fiber 
M  insulating 

board  out- 
aids  —  3/4- 
wood-fibor 
board  inoida 


ISO 

(327) 


wood  franc  — 
wood  bovol 
aiding  on 
wood- t ihor 
Si  laaulatljg 

board  out- 
aids  —  1/2- 


233 

(310) 


board  las Ida 


Wood  ?r mm  -» 
wood  filar 
aboatbln? 

paptr,  natal 

me  lata  and  31  #7 

afcoooo  out*  (400) 

aids  —  ytyiHi— 
fiber  Utb 

and  plantar 
inalda 


Wood  franc  — 
wood  fflbor 
abaatblag  and 

M  brick  var.aar  31 

ontalda  — 
plaster  or 
wood-fiber 
lath  las ids 


SO 

(344) 
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ruiumm  LORDS 


tree  Loading 

»./rt.2) 


tacking 

Load 


Loadad  On  fUba.. 
ontalda  raoe  ft.  7 


Description 

of 

railaro 


24$ 

(343) 


137$ 

(1430) 


■apa  ration  of 
waiiboard 

fran  atods 


Stud  Xupturad 
andar  trana- 


2  SO 
(314) 


1250 

(1S90) 


fxbar board 
dlaplaood 
fron  Joint 
undar  racking 
load 


70  142$  Plantar 

(42S)  (22. SO)  Cracked 


44 

(350' 


(4290) 


Plantar 


VI  t  *  Cr,.r ‘*!K£4 


TTsMMJSM  *✓*£*:  “ 


Y?SS> 

»rU 


wsu 


i*SS 

asessrs 


at*;;' 


?rsp(«v«.»ea 

Oh  ta**5id  Os 

!»*OK  pjt 

^rs=sS*rr«SE* 


Plvaetr*# 

l«a*4 


0»sc3i©r-ii  sc 
«t 


WtK-.'d  fccs**»  ■— 

we  ad  f  «lMu 

j 

Weir'S  fersA®? 

SOtfijjM  Md  3X 

73 

60 

UM 

»iAr**s 

1R*ftS  Hfe!*®!** 

OS«> 

W5> 

;*w*5 

Crtciee 

qk&s£4b  «— 
plmt**  «< 
swi  fifes* 

.TO**  AJMSt&K 

Mood  eras?.  *~ 


**. 


fifes®  ls«tv 


latlWf  iKesdi 

s**s*.tSs4«8  aad 
ktc£  2*?«*S2. 


*iAt  •••*• 


3Srj«»«flM*0  ■ 

CUMM*  jimm* 

Latiai  ixmtf 

?*tfc  «K«1 

iJt- 


42 


M>  £0 

<»«  <:<so> 


ruw*r 

OSAO!)  C3Uk*4 


<w*»i*<sw  w  !■  i  yviwwnoiii— ni  mm1  rmmmmm i**--**^**^-*^-**  •  HooiMttanOtaMMMNMMMUiMHmsviKm 

Wood  Sew*  — 

iUPNIlM* 

SSJtMt  4 MM* 
lSt.iS3 <P!  MUM 

«M»r;h»s?  W. 

BY  «c-«S  M  4*  ?33  1  U> 

a, Initial  ORfc-  1 35C-5  (*J»> 

OldO  *'— 

ifctsxs  i\»®rO 

ift&JUt* 


BSaB  MavCMMM 


i»r  Mid* 

i*9  5»*3*4 

«?*  4UsoS«C*<S  it 

4.VMIQ}  )eist  do©  *r> 


Best  Available  Copy 


'Wtx:  -r.<  '%<) 


msur  vii  -  continued 


XMXTIAL  fMUHti  LOAD* 


mm 

Will 


neslgnatlnu 


null 

1  tract  ura 


author  t 


TruwmM  Loading 

Udsm./wt.2) 

Leaded  On  loaded  on 
Inside  Ito  OatiUi  tarn 


Racklwi 

l.ond 


& 


D»»cripttcn 

of 

Failure 


Wood  >;.w«  — 
pl'/wocd 
ebon th tog, 

KhMtiiUw 

CX  pipe*  end  47  17 5 

reood  < 142) 

shingles  out- 
■id*  —  gyp- 
sue  wall- 
board  inoida 


Millboard 
cracked 
•round  nail* 
and  atuda 

144  tOO  apllt  do*  to 

( 237)  (1370)  transverse 

loading  -- 
nolle  tor* 
thru  edges  of 
wallboexd  duo 
to  racking 
load 


Mood  frees  — 

yypeue  wall-  47  122 
board  inaida  (147) 
and  outside 


Kalla  tor* 
122  400  tkrw  edges 

( 167)  (910)  of  wallboard 

dv*  to  rack¬ 
ing  lead 


CM 


Wood  frame  — 
ineulatlog 
fibarboard  48 

inside  and 
outside 


100 

(257) 


150 

(433) 


530 

(580) 


Studs  ru p- 
►•«ygd  due  to 
transverse 
loading  — 
fibarboard 
separated 
froa  Slasw 
due  to  rack¬ 
ing  load 


CK 

Wood  freew  — 
fibarboerd 
abaa thing  and 
wood  bevel  44 

275 

140 

V40 

Stud  ruptured 
sad  fiber- 
board  sepa¬ 
rated  froa 
studs  due  to 
transverse 

aiding  out¬ 
side  — 
fibarboerd 
inside 

(440) 

(393) 

(400) 

loading  — 
fibarboerd 
separated 
from  etude 
due  to  rack¬ 
ing  load 
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TABUS  VAX  -  Continued 


rssrtiAL  turns  loads 


SMS 

Mall 

Designation^ 


Trnnsv*raa  Loading 

nm 

(Lba./Pt.*) 

Racking 

Load 

wall 

••port 

Loads*  On 

Loaded  on 

,yuu) 

rt.  ' 

a true tore 

Mo. 

las id*  fsc* 

Outside  Pace 

Description 

of 

PaiJura 


Ww©d  £r**a  — 

fikwrboard  4*  200 
inside  end  (318) 
ouUidt 


200 

(318) 


540 

1920) 


Studs  rup¬ 
tured  du*  to 
tronavk)  s« 
loading  — 
t  IbfirboarC 
separated 
£  rum  studs 
du*  to  rack¬ 
ing  load 


bigntwsigfet 
wood  frana  — 

Insulating  ?2  103 

fitosrtooard  (124) 

an Bids  amt 
outs  id* 


102 

(134) 


l  ISO 
( 1730) 


Studs  cracked 
dua  to  fcrens- 
vtxu  i cod¬ 
ing  —  top 
Plata  crushed 
dua  to  rack¬ 
ing  load 


Lightweight 
wood  txmm  — 

U*#u  latino 

fjUsrlNNtnj  SS  153 

a ad  wood  ( 318) 

baral  siding 

MltSiAt  — 

insula  tad 

flbarbosrd 

ins  id* 


170 

(230) 


•20 

(900) 


Piteer  board 

sapors  tad 
fro*  flan* 


I'Jon-rsinforcsd 

IKMlOllUliC 

SpoctoMM  rup¬ 

corners!*  wall 

tured  under 

•  -  8-1/8  Us. 

ttawmirM 

thick  —  1 

load  -«  no 

part  poertlaad  81 

253 

8250 

fsiluro  under 

owant,  3.71 
j*>rts  sand  and 

5.31  parts 
gravel,  toy  dry 
•sight 

(377) 

racking  load 

88 
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?*>§LE  VI  t  -  Continued 


INITIAL  rAZLUNK  LOAM 


ftW 

Mall 

Agnation 

Hall 

ftructura 

BM 

Report. 

»o. 

Transverse  Loading 
(U>s.  /ft.2) 

Loaded  On  LoedaJ  On 

Insida  Fact  Outaidt  raca 

Racking 

Load 

'rt.  ' 

Description 

of 

Falluxs 

DA 

boo' Ha inf oread 
Monolithic 
contract  wall 
--  4-1/8  in. 
thick  --  i 
part  caaant, 

2. 43  parts 
•and  and  3.41 
part*  gravol, 
by  dry  weight 

61 

216 

(297) 

6250 

•pacbaen  rup¬ 
tured  under 

transverse 

load  --  no 
failura  under 
racking  load 

AF 


Standard  8  in. 
CO»Cr#t#  61 

block 


29.6 

(36.7) 


jKXnj 
( 3490) 


Nurture  of 
Mortar  and 
bond  between 
blocks 


\ 
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and  w  is  the  weight  of  tha  wall  in  lbs, /ft.  of  span.  q/A  is  determined  from  plot* 
of  tha  tranavaraa  load  vs.  deflection  giver;  in  tha  test  reports. 

for  a  racking  load,  tha  firat  natural  fraqusncy  is  found  frasi  (aquation  (6S), 
Append**  XII)  i 


u 


1/2 

V 


Tha  spring  ,  v,  i,;  elope  of  the  load-d* curvs  given  in  tha  tast 

data  for  tha  racking  load  tatts. 

Table  VIII  gives  tha  dynastic  response  data  for  tha  outside  vail  ty^ts  iistad 
In  Table  VXX  subjected  to  tr »n averse  or  normal  praasura  loads.  Tha  critical  Iree- 
straaa  shook  usee  prea  suras  which  would  oausa  initial  failurs  of  ths  walla  is  sun- 
sari  asd  in  TSb la  XX  for  vsri  ms  valuos  of  *i  ,  ths  duration  of  tha  fraa-atraaa  praa- 
sura  wove.  This  praasura  is  givan  by» 


p$  critical 


_Zi _ 

U)  (A)  (144) 


(16) 


dart  pt  ■  initial  failure  pressure  -  ibs./ft.7 

A  m  dynamic  «aplif ication  factor  -  Figure  31 

and  tha  factor  2  in  the  denominator  is  ths  maximum  rsfisctsd  prssaurs  as  shown  in 
Figure  4. 

Similar  data  has  sot  baan  computed  Co/  tha  racking  type  loads  since  their  dy¬ 
namic  response,  which  dotenainas  tha  amplification  factors,  is  s  function  of  tha 
wsight  supper tad  by  tha  walls.  This  wsight  da  pends  on  the  particular  construction 
involved.  However,  this  ham  been  dons  for  ths  sample  house  analysed  in  Appendix  in 
of  this  report  and  tha  raaults  era  summer  1  sad  in  Table  XX. 

Tha  results  given  in  Tables  IX  and  XX  are  based  on  static  load  test  data. 
Impact  taste  on  wall  panel*  indicated  an  increase  Ip  bending  deflection  required  to 
produce  plsater  crocking  of  3  to  5  times  the  static  load  values.  Ho  transient  test 
information  is  available  for  rooking  loads  on  wall  panels  or  bending  loads  on  roofs. 
Tha  valuss  of  failure  pressures  given  for  plaster  cracking  of  wall  panels  by  bending 
should  be  multiplied  by  3  in  order  to  account  for  increase  in  static  strength  pro¬ 
duced  by  transient  loading.  »o  dynamic  strength  increase  factors  can  ba  Justified 
for  well  panels  in  shear  tnd  roof  elsMets  in  bending  because  of  the  absence  of  test 
information.  Tbs  use  of  tbm  static  strength  volume  loads  to  conservative  estimates 
of  failurs  pressures  for  these  elements. 
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TA8L£  VIII 


DYNAMIC  *1890*8*  DATA  90*  WlLLB 


Mall 

Pan*! 

Typ# 

Nalght 

r 

L 

Ut.} 

q/A 

(lto./ft.2/in.) 

(#-in.2) 

■  i  « 

k 

(#/ft./ln.) 

Transverse 

Loading 

u 

*SSr» 

T 

Oac.) 

OA 

10.0 

M 

110 

11.5  r  10* 

2500 

89 

0.071 

su 

4 .23 

7.5 

110 

11.5  *  10* 

1835 

13"* 

0.046 

DO 

8.30 

B 

170 

17.8  x  \0* 

4000 

118 

0.053 

•K 

5.02 

B 

180 

18.7  X  10S 

2940 

151 

0.042 

•I 

4.51 

7.5 

188 

17.4  x  10* 

3870 

153 

0-0  30 

8J 

20.00 

7.5 

227 

23.7  x  10* 

5500 

90 

0.070 

BK 

50.5 

7.5 

88 

9.2  x  10* 

5OC0 

35 

0.180 

BL 

1C. 8 

7.5 

180 

18.9  X  10* 

3200 

109 

0.058 

IX 

n 

7.5 

180 

18.7  x  10* 

1875 

112 

0.058 

1Y 

7.5 

140 

14.8  X  10* 

120C 

148 

0.043 

Cl 

5.44 

7.5 

170 

17.8  X  10* 

2000 

ISO 

0.042 

at 

3.80 

7.5 

180 

18.7  x  10* 

3000 

178 

0.035 

ex 

4.38 

7.5 

200 

20.9  x  10* 

4000 

181 

0.029 

DK 

3.13 

7.5 

35 

3.88  x  10* 

5000 

90 

0.070 

DQ 

2.89 

_ 

7.5 

1 _ 

85 

8.9  x  10* 

2850 

143 

0.044 

1 _ 
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■otti  T>9*m  4iu  do  not  rftflftct  Um  iacms*  in  strangUt  do*  to  rapid  rat*  of  loading.  Mu  peg*  90 
for  fiacaMioa  a*  rapid  rat*  of  Loading. 


SXCTICK  a 


APPLICATION#  TO  SNA IX  SUIU>I»oa 


A  Mali  t  ruM  residential  house  typical  of  thoaa  found  in  tha  Uni  tad  Stataa 
is  shown  in  Figure  51.  Tha  static  strength  of  tha  critical  structural  alaaaants  of 
this  house  subjected  to  pressure  loading*,  and  their  natural  frequencies  and  periods, 
are  determined  in  Appendix  17 1.  This  data,  sunearised  in  Table  X,  we*  used  to  deter* 
sine  critical  fiee~etreaa  shock  wave  pressures  due  to  normsl  incidence  for  this 
structure.  These  results  sra  presented  in  Table  xi. 

The  date  appearing  in  Table  X  sra  baaed  on  a  particular  geometry  and  struc¬ 
tural  design.  Considering  the  many  possible  variation#  of  these  iteaae  in  the  email 
residential  house  category,  and  also  that  the  quality  of  amterlalc  and  workmanship 
play  an  important  part  ii  the  structural  strength  of  a  house,  these  date  should  be 
considered  as  order  of  Magnitude  numbers.  An  indication  of  tha  possible  variation  in 
tha  structural  strength  dim*  to  material  variations  and  workmanship  can  be  gotten  trow 
♦ha  data  on  strength  of  typ.es!  residential  type  walla  giver  in  Table  vil.  The  vide 
spread  In  strengths  x«  shown  for  wall*  of  identical  construction. 


Figure  53.  Model  House 
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TAX  LB  X 


MAT  iC  STBXMQTH  Of  MOOD  ntWJ  HOURS 


Outs id*  Mall  — 

Notail  to  Typ*  QA  26.0  62.0  0.101 

hMiun  Loading 


•id*  Msll  — 

So  Interior  Load 
•aariag  Mall 


Tyv  qa 

(no  openings) 


3S.0  45.3  0.138 


•id*  Mall  — 

So  In  tar  lor  Load 
Searing  Wall 


Typs  QA 

(with  opanlngs) 


4.3  15.9  0. 395 


•id*  Mall  — 

with  Interior  Typn  QA 

Load  Soaring  (with  openings)  --  —  --  17.  o  IX. 2  0.335 

wall 


Interior  Load 
Soaring  Mall 


Type  qd 


19. 1  52. 8  0.119 


Roof 


2x6  Rafters, 

24*  o.c. 

3/4'  Sbeat'ilng  — 
Roll  Roofing 
Paper  —  Asphalt 
Strip  Shingles 


79.0  0.08 


Ref.  Table  VI I 
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TAB LI  XT 


CRITICAL  DtU-ITftUM  SMOCK  WAVS  MUtSSURKS  ROM  SAMPXJi  BOOKS 

(KORKU  IKCXDSHCS) 


Structural 

Blanant 

Daacrlptlon* 

p#  critical  (pal) 

v  -  o.os 

Sac. 

T)  •  0.10 

Me. 

V  -  0.20 

sac. 

17  -  0.40 

Sac. 

Tr ont  Paca 
wall 

Typa  OA 

0.143 

0  .05  J 

0.072 

0.090 

Roof 

(Saa  Tabla  X) 

0.427 

0.481 

0.467 

0.395 

Sid«*  Wall 

1 

Typa  OA 

(with  opanlnga) 

i 

1.450 

i 

1.720 

0.0506 

0.0  >67 

In  tar  lor 
wall 

Typa  OD 

0.171 

0.059 

0.095 

1 _ ■ 

0.117 

Hot#!  Thaaa  data  do  not  raflact  tba  lncraasa  In  atrangth  dua  to  rapid  rata  of  load¬ 
ing.  Saa  paaa  90  for  diacuaalon  of  itrcnftb  lncraaaaa  prod uc ad  by  rapid  rata 
of  loading, 

"naf  Tabla  VII. 
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SECTION  9 


COUPLING  OP  SHOCK  NftVK  I  CADS  WITH  OTHHR  KPTKCTS  TO  PROOOCt  PAILUKB 


Mirny  structure*  arc  on  the  verge  of  failure  prior  to  being  subjected  to  shock 
wave  pressure  disturbances .  The  structures  could  have  been  considerably  weakened  or 
highly  stressed  frost  such  effects  ss  faulty  construction  and  low  grade  Materials,  la- 
proper  design,  foundation  settlssant,  water  damage,  wool  shrinkage  and  other  tampera- 
ture  and/or  Moisture  induced  displacements,  high  wind  loads,  etc.  A  detailed  account 
of  those  various  factors  is  found  in  insurance  conpany  vrterature.41 

The  application  of  abode  wavs  pressure  loads  to  these  wakened  or  "initially" 
highly  stressed  structures  um!<>  produos  failure  even  though  the  fiM>ttreM  preseure 
levels  ars  fax  below  thoee  that  wrws.ld  produce  daiaegs  in  reasonably  wall  constructed 
or  unweakened  buildings.  Aircraft  generated  shock  wave*,  could  be  the  "strew  that 
broke  the  easel's  back". 

1>  general,  eveluation  of  the  coupling  of  shock  wave  affects  with  the  other 
factors  isssibly  contributing  to  structural  damage  is  not  practical  because  of  the 
many  variables  involved.  Particular  situations  Must  be  studied  In  detail. 

In  sons  instances,  structural  elooents  Improve  with  "ag»".  *  study  of 

data**”56  on  plaster  construction  and  Manufacture  indicates  that  most  plaster 
strength  iMprovar  with  age.  Soawi  line  piasters  which  are  manufactured  f roe  rocks 
containing  a  mixture  of  calcium  and  magnesium  carbonates  tend  to  deteriorate  in  9-l!> 
years.  This  la  due  to  eapanaiona  which  take  place  aa  the  MagneeiuM  oaide  converts  to 
eegneelua  carbonate.  This  effect  can  be  minimised  if  tha  mixture  of  calciun  and  sag- 
nee  lea  ok Idas  is  finely  g* >und  before  water  is  added.  No  data  on  tha  effect  of  age 
of  glass  has  bean  found. 
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SECTION  10 


CONCLUSIONS 


1.  For  shock  wav*  pressure  levels  (small  fractions  of  a  pel)  th*  critical 
types  of  etrucburma  from  a  failure  point  or  view  ire  *foad  fraao  rx «idertiisl  (two: ling* 
and  stors  front-i  having  largo  glass  areas.  Th*  critical  structural  elements  are 
glaes  and  plaet-ir  we. lie  with  openings.  walls  ere  critical  in  reeidential  etrurturea 
einca  tha  shear  im  resisting  the  load  in  aide  wells  and  the  bending  etiffnese  of 
front  wells  arm  small  compared  with  other  types  of  structures.  Glees  is  critical  for 
ators  fronts  si. nee  large  spans  are  cowan. 

Walls  »i  structures  without  internal  partitions  will  fell  st  lower  pressure 
levels  coaiparedl  to  similar  size  structures  with  internal  partitions.  Glass  fells  in 
tension  ■,  xSucskJ  by  bending.  Failure  of  plaster  walls  with  openings  is  generally 
critical  £-r  rmcklng  (shearing)  loads  in  the  side  wails.  Sheer  stress  concentration 
factors  around  opening*  can  be  as  high  as  ten.  In  some  cases,  plaster  cracking  pro¬ 
duced  by  bending  of  the  front  wall  can  be  critical. 

For  an  K-wave  duration  of  0.1.0  eoc.f  the  range  of  frwe-etrea*  failure  pres¬ 
sures  for  glusm  is  about  0.02  to  0.38  pel.  Corresponding  glass  pant!  sires  aret  170 
in.  x  200  in.  *l/(  m.  and  12  in.  x  12  in.  single  strength  glass,  respectively.  For 
wall  construct!. on  typical  of  wood  frame  veaidAntial  houses,  free- stream  pressures 
quired  to  crack:  plaster  are  as  low  as  0.03  pel  for  sheer  in  side  wells  and  0.13  per 
for  bending  of  front  walls. 

The  lot-nf  bound  i  f  frec~*trea»  pioeeurae  producing  damage  (  "X  0.03  pel; 
could  be  produces,  for  example,  by  an  F-86  aircraft  flying  steady  level  flight 
slightly  l:.  execs*  of  Mach  1  *t  about  4000  feet  above  ground.  At  higher  altitudes, 
higher  steady  Lews!  flight  Mach  numbers  are  required  to  produce  a  free- stream  pres¬ 
sure  level  of  9.03  pel  on  the  ground.  For  eacample,  at  an  altitude  of  10, 00*  feet, 
the  required  Mmth  number  ie  3.5.  Any  amplification  of  the  free- stream  pressure  by 
reflection  of  cusp  effects  would  reduce  the  Mach  number  (for  a  given  altitude)  re¬ 
quired  to  prod  vacs  this  pressure  level  of  0.03  pel. 

Wind  lu aA  data  indicates  a  lower  bound  of  structural  daisaga  at  a  4 'i  nph  wind. 
This  wind  velocity  corresponds  to  a  dynimc  pressure  of  about  0.0  3  pa l  which  ie  in 

the  range  of  shaoc><  wave  pressure  estimates. 

Th«  computed  values  of  the  lower  bound  of  failure  pressures  given  do  not 

for  vseumtlons  *.n  mstenal  properties  and  workmanship  whereas  the  wind  load 

date  do. 


2.  The  Failure  pressures  srs  functions  of  N-wave  and  structural  parameters. 
These  pa i amsteci  vary  over  e  wide  range.  Whereas  it  is  not  practical  to  presort 
failure  presaucte  lot  t he  many  possible  coafr ’.nations  of  structural  and  shock  wave 
variables,  ths  failure  prtssures  givan  in  this  report  for  the  critlcel  structural 

«1  amenta  iglssmmnd  plaater  wails)  ace  for  specific  valves  of  N-wave  and  structural 
parameters  which  arm  likely  in  practice.  Other  cease  may  t>a  livestigated  in  detail 
by  employing  thu  methods  and  basic  data  presented  here. 

3.  Thm  reiponse  of  structural  elements  to  shock  wave  pressures  is  governed 
by  elastic  behmvkor  since  at  these  pressure  levels  only  brittl  materials  fall,  and 
ths  more  ductile  materia  la  such  as  steel  end  reinforced  concrete,  which  exhibit  sub¬ 
stantial  plastic  deformation  before  failurv,  are  not  strained  above  their  yield 
points . 


4.  A  critical  loading  condition  occurs  when  th*  trace  on  ths  ground  of  the 
inclined  plan*  aF  the  shock  front  that  contacts  the  structure  xs  parallel  to  the 
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front  facs  of  tha  building,  tfhan  the  *0910  of  th**  piano  of  the  shock  front  to  th* 
vertical  it  small,  rtf lection  tf facts  can  product  up  to  four  times  peak  free- stream 
prat sura  on  tha  front  fact  of  tht  building.  This  condition  is  critical  for  windows 
near  the  bo t ton  of  tht  front  building  fact. 

f».  Tht  strtng  tb  of  glaat  it  Inerts  sad  ovtr  its  static  strength  by  rapid  rats 
of  loading.  Taat  results  indlcatt  an  lncraatt  by  a  factoi  of  thrtt  ovtr  static 
strength  of  6000  pti.  Tht  Strang th  of  plaster  walls  is  also  increased  by  rapid  rsta 
of  loading,  Impact  tatts  in  which  sand  bags  wart  droppad  normal  to  tha  psnal  surfacs 
(banding  actios)  gave  deflect  loos  at  which  plastar  crackad  of  about  .1  to  5  tiass  tha 
<*af l act lens  for  plaatar  cracking  undar  static  loading,  do  data  ia  aval labia  for 
racking  transient  loads  ou  *c>ll«t.  A.iy  Lr.TorzztLm  antrspoUtnd  from  blast  wavs  tssts 
on  buildings  would  not  oa  meaningful  since  the  pressures  saployad  war#  too  high  and 
tha  plaatar  failures  noted  could  have  occurred  at  lower  pressures.  Test  data  to 
plaster  walls  subjected  to  transient  loads  (particularly  racki’tg  loads)  ara  needed. 

6.  Experimental  sotsiswaU  of  the  pressure  distribution  on  structures  sub¬ 
jected  to  P-wewa  free-stream  p-ee suras  era  required.  Thaaa  taata  ara  needed  in  order 
to  check  the  validity  of  tha  use  of  blast  wave  data  and  concepts  to  predict  building 
loads  produced  by  B- waves  whose  shape  «nd  pressure  levels  rr*  different  frees  blast 

waves. 


7.  toasting  data  on  *hock  wave  desaga  is  mostly  turn  insurance  claims.  The 
infooaation  is  spotty  and  Incomplete  m  a  great  many  cases.  Controlled  experiments 
to  sees#*  the  damsge  to  structures  or  structural  e laments  produced  by  S-wsve  free- 
atresm  pressure*  *re  required. 

imixsm  syjpscr^ivniL  phoomm 

1.  An  experiment'll  program  to  obtain  data  on  the  pressure  distribution  on 
structures  and  the  items gs  to  structures  produced  toy  ■■wave  free  stream  reassure  waves 
is  suggested .  The  program  would  be  broken  down  into  three  phases  ae  indicated  belowi 

Phase  1  Loads  on  Structures 

Phase  2  Daaags  to  Structures 

Phase  3  Plight  Tests  -  Loads  and  bsmags 

For  phases  .1  aad  2,  the  B-waves  are  generated  by  means  other  thar.  aircraft 
flight.  In  phase  3,  actual  aircraft  generated  B-weves  are  m  eyed.  Tha  purpoes  of 
tbs  flight  teats  la  to  check  the  results  of  phases  1  aad  2  and  to  damonstrate  to  a 
layman  that:  equivalent  affects  are  produced  by  actual  slrcisft  generated  H-waves  and 
B- waves  produced  by  other  means. 

2,  It  is  also  suggested  that  extension#  toe  made  to  Ting's*9  analysis  of  tha 
diffraction  of  a  sonic  disturbance  by  a  rectangular  barrier.  The  extensions  would 
include 1 

(a)  Sonic  disturbance  corresponding  to  an  B-wave  (normal  incidence) . 

(b)  B-weve  sonic  disturbance  for  nonnormal  incidence  in  a  non-vertics 1 
plane. 

The  results  would  be  useful  in  interpreting  experimental  data  and  would  rep¬ 
resent  an  advance  in  the  state  of  tha  art  in  diffraction  problaam. 
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DYNAMICS  Of  UNIFORM  BEAMS  AMD  FLATS* 
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and  the  boundary  conditions.  It  is  known  that  for  baa—  tha  solution  is> 

(8)  £  -  a  sin  k^K  +  0  tinh  k^x  +  y  cos  k^x  *  &  coah  k^x 

whs re  tha  values  of  ^  dspsnd  on  tha  boundary  conditions,  rroai  eq.  (25) » 
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so  for  sach  k  thsrs  is  an  «k^. 

for  plat-**,  tha  solutions  haws  also  been  dsn  wad  but  thsy  ars  vary  complex, 
except  for  aiaply  supported  snds.  Hors  tbs  for*  cf  '  ,  wtiicl.  ws  shall  now  call 
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(  32’ 


5.  E2C£tl  .VlftElUgM 

Tha  solution  to  aq,  (17)  and  (18)  with  tha  proper  boundary  conditions  can  b« 
described  in  tar—  of  tha  noraal  nodes  £  multiplied  by  suitabla  ties  functions 
^.<t).  Thus, 


(8) 


(P) 


oo 

I 

i  -  i 

00 

I 

1-1 


d  f 

rl  *1 


00 


Z  *  c 

J  - 1  V 


(33) 


(34) 
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Substituting  into  tha  aquations  of  Motion  and  using  rsiations  (25)  and  (26)  to  allm- 

.4 

inata  El  — t  and  D v  £.  .  ,  raspactivaly,  ana  obtains: 

1  J 


J.  ,1“/  *»][**  *  J* 


00  00  .  .  r  <j  d>  •» 


p(*»y»t) 


Nonas  1  modus  ara  kjtowi  to  ba  orthogonal,  timncrn 

CL 

(S)  J  fA  i  k  Mdx  -  o  ,  ( x  f  C 


Li  fS 


£i,  *  °  <  £u  m*, 


Multiplying  aquations  f35)  and  (36)  by  on*  normal  aods  and  intagrating  ovar  th*  full 
surface,  ana  obtains, 


[  J.*/  £ !  *■  ]  f  +,  ♦  -^5  ^r1  ]  •  | 


P(x,t)  ^dx 


' a  ,  2  „ . 1  r .  i 

""o  £  u  **Y\  -~r 


l«rs 


dxdy  (40) 


A  graat  simplification  occurs  if  P(x,t)  *  p(x,y,t)  -  f(t).  Then 

2  ft 

(»  ^ 

"*  *  *"*  r 

Jo 


1  d2*i, 

(p)  *il  *  - -  2 

U  w  ij  dt* 


For  simply  supported  ends* 


_IUL  Li±±£tv 

^31)  f  C  {2  dx<Jy 

J  J  ^  Ij^ 


,  *  -  i  i_l_i  £±&i  ,  4  . 

<8)  *1  +  ux  2  .2  m  2  {nr)  ’  1 

i  dt  «u' 


1.3,5 
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(PI  - J1  -  -^4 .  »  1  -  J  -  1.3.S  U4) 

iJ  w2tj  dt2  /*“  lj  iw  ilr 


Th*  v#lua  of  <£  or  ^  for  avan  nurtured  sodas  la  uro. 

^  J  •% 

d2  4 

tributxon  to  fcha  dlsplacansnt  whan  f(U  -  f_ _ ,  and 

mix 


To  find  tbs  static  con- 


*  0,  4>  Ucomi 


(»)  ( *  t  - 


IT  )  •“ 


A.Z.-S 

L 


IM  I 


L”  tj 


.in  AZ-*  .in  ii-* 

L  M 

*  y 


The  MUtxiSKM  sonant  occurs  '■tt  t(w  cantar. 


Hanes,  M  « 


— — ;•  (  ^  sin  at 


EI  _BKL.  _JL  ,UL»2  Ai. 

EI  T  tv  L  '  2 


(»)  - 


U»> 


L  sin 


a2  a2 

•  -  0  ( - r  ♦  k  — — i  $  .  (  .,)  St 

0  x'  0  y2  *>  *■* 


■  .  Mgr  .  ( - -iS - )  (  r  A2Lj  *  „  f  1 — J  j  sin  Ai.  aln  LZ. 


Ml  f* 
ij 


^AJLj  *  ♦  v  (£•*  ) 


16  V 

_ B*2U 


.  .  2  .  _  2  2  /  \  .  .  ,  2 

[<£-*■>  ♦  3  J  V  J 

k  to  ' 


Th#  static  sonant  1st 


„  1  ,  ,2 

x  a  MX. 


m  -  $  r  l  2 

x  sax,  x 
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See  Table  IV  for  $  .  •  B  -  St2/6  pto2)  with,  F 


p,  L  •«  b,  t  »  thlckneaa. 


•  -  wax.  stress. 


Th«  participation  factor  la 


aaxiieua  atatlc  atraaa 


lionet  (a)  (pf)  -  — - 

1  <i») 


( p?  ( pn 


"  jjr  .  2  .1  ?  .  2 

( .  -)  ♦  *  0* — ) 


U(it,a  «.  L»,2] 


In  the  special  '-•laa  o»  Lx  Ly,  i  «  ;  ■  1,  &  -  0.0479,  «»  - 


(P)  (PF), 


4(1.3) 
(0.0479)  * 


-  1.115 


If  one  defines  f l  £  *  A  w*»«re  ( ^  1*  the  contribution  to  atatlc  dia- 

placewent  due  to  F  ,  aquation  a  (41)  and  (42)  bawroaw: 


(B)  t+-L-&  . 

i  ot  ux. 


(P)  fXJ  4 


_ i —  -lu  m  mi, 

*  \i  dt2 


Theue  aquations  define  the  modal  dynaailc  raaponas  functions. 


APPROXIMATE  SOLUTION  FOR  AMPLIFICATION  FACTOR 


The  solution  to  the  differential  equation 


i  •  c.  (whare  c..  «  conatant) 

«  i  dt 


with  the  initial  conditions  f 


V  "i-  ff  *  bl  ,l  1  *  h 


f  *  C1  +  ^1  *in  [  ^  (t  ‘  t^  ”^] 
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or 


(56) 


t  -  *  *j  sin  [  fei  (t  -  t^)  -  ^  ] 

Therefore,  fro*  !2q,  (55):  ~  -  R  co*  [ w  (t  -  t^  -  $  ]  (57) 

eliminating  t  by  aussaing  tHe  squares  of  equation*  (56)  and  (57); 

,,  ,  *  1  df .  2  m  2  ,  .  2  .2  ..... 

(f  •  c  )  ♦  “  *1  *  "  ei*  +  bl 

In  the  phase  plan#,  the  abac  less  la  f,  and  tha  ordinate  ^  .  Kq  (56)  la  a  cir- 

cla  in  tbaaa  coordinates ;  it*  can  tar  la  (e^,  0)  and  radius  la  R  ^ .  Reinterpreting 

aquation  (55)  in  tarae  of  th*  phaaa  plana,  ona  notaa  that  tha  angle  [  w  ( t~*.  1>  -  4>  ] 

lo  tha  angl*  batman  a  vertical  llna  sod  tha  radlua  to  a  point  on  tha  circla.  In  an 
•  lapsed  tlna  (t^  -  t^) »  tha  radlua  will  sees  clockwise  through  an  ang)a  <*»  ( 1 2  -  t A > 

radians.  Saa  Figure  54. 


Ftgurw  54.  Phase  Plana 


This  la  all  ona  naad*  to  know  to  use  tha  phaaa  plana  to  construct  an  approx- 
Heat  a  solution  to  tha  aquation 


$2jl 


u> 


dt 


.  LL1L 


MMX  . 


(59) 


f row  which  an  aaiplif icatlon  factor  can  b*  found.  As  an  illustration,  consider  Figure 
55  in  which  tha  loading  time  happens  to  aqual  ona  natural  pariod.  Her*  we  sae  the 
N- shaped  wava  of  t ;  t)  /^mkX  dividad  into  six  aqual  t.im*  intarvals,  ona  sixth  period 

or  60*  in  duration  on  tha  phase  plana.  Por  aach  ti*a  intarval,  tha  average  ordinate 
has  been  notad,  l.a.,  5/6;  3/6;  i/6:  -1/6;  ate. 

df  5 

Since  the  body  ia  initially  at  rest  t  *  -  0.  W;th  a  center  at  (^,  0)  , 
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SOLUTION  TO' 


<  +t.m. 

u>*  dt*  F(M« 


WITH  f  (o)»~(o) 

Clt 


FIGURE  55  APPROXIMATE  AMPLIFICATION  FACTOR  FOR 
N-WAVE  USING  PHASE  PLANE 


*nd  a  ridlua  to  ths  initial  poir.t  (0,0,  an  arc  of  60*  la  awujvr .  Tha  end  point  ia 

isheled  i.  with  s  canter  at  (£,  0}  and  the  radius  required  to  reach  point  1,  one 

awin-23  an  arc  of  60*  fro*  point  1  to  point  2.  ft*  process  la  repeated  till  all  sis* 
points#  have  been  determined,.  The  anpliflcatloci  .factor  ia  the  larger  of  the  radius  to 
point  0  froara  th»  point  (0,0?  cr  the  naninun  value  of  £  generated  by  uhv  previous 
arc*. 

DgRIVAfZOM  OF  TO*  ’»*  PU»CTI0K 

Let  CAjra>«P  of  Figure  56  he  a  curve  of  amplification  faster  versus  (  -»j  ) 
where  ^  i*  a  characteristic  tisse  of  the  load-tieo  relation  and  w  1*  the  natural 
(radicuj  frequency  of  the  mode  considered. 


'ii/  of  the  *wpllf icetiort  curve  sntl  represent  It  by  the  broken  line  OBG,  in  Figure 
j'>.  In  Figure  57,  if  oflG  la  eultlpUed  by  H,  it  become  Ofc’G*.  If  one  now  con*id- 
*'s  rnat  the  contribution*  duo  to  higher  wodaa  ie  constant  independent  of  u>  ,  the 
aepllf icetlon  factor  would  ha  given  by  O'B'G*.  Designate  the  ratio  of  ordinates  on 

v'C'G'  to  wti *G •  es 


Figure  S7.  Modified  First  Mode  Amplification  Factor 


M 


(H-l)  ()- 


-  i  , 


u> 


cr 


< 


u> 


i 


w 


cr 


> 


ui 


X 


Mac mg  ell  the  item  in  Table  V  -/slue  for  K  and  hence  M  would  be 

largest  for  the  eieply  suppbrtad  flat  p~ate.  The  value  of  H  is  1.225.  Kc  also 
rote  that  the  largest  ratio  between  the  first  and  ascend  codes  was  nine.  Hence,  the 
a joa fid  nod©  frequency  will  usually  have  dropped  beiw  u  by  the  ties  «  ,  »  1/9  ui  „r 

There  is  no  point  in  currying  n  fcei or&  <j  ^/w  “  ^  because  the  attenuation  of 

big*' r  nodes  should  be  considered  and  since  the  total  response  is  am Her  than  stat¬ 
ic.  Te  use  of  the  *H*  factor  for  the  worst  value  of  K  Is  conservative}  but,  in 
the  interesting  regions,  its  contribution  is  ratall. 

when  the  *Ma  factor  ie  applied  to  real  amplification  factor  curves,  another 
conservative  elaaanf.  •wait*  since  the  attenuation  of  the  first  mode  is  not  quite  aa 
rapt!  as  tiavaad  in  Figure  57. 

The  i  n  ~  n—ev  value  of  the  uopar  limit  for  the  amplification  factor  ie 


Al  »  Ai  {PF)1  (H)  M 
00 

-  \  «  I  h'rijl 

j-i 
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